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Abstract

During my Ph.D. I have investigated the photophysical properties of π-conjugated
chromophore ions isolated in the gas phase. The investigation is based on action
spectroscopy and mass spectroscopy, and was carried out at two instrumental se-
tups at the Department of Physics and Astronomy, Aarhus University, Denmark.

The present thesis reviews gas phase absorption spectroscopy on even-electron
intermediate sized molecular ions. Hence, on top of my own research I have in-
cluded the work of others to provide a broader perspective and to summarize the
present status of this research field.

The aim is to obtain a thorough understanding of the basic optical properties
of molecular ions. The understanding is important both from a fundamental point
of view but also to comprehend the many light-driven or light-involving processes
in nature. In this regard, absorption spectroscopy turns out to be a useful tool and
moreover, it also serves as a general characterization tool for molecular ions.

A good starting point for this task is to understand the optical properties of a
chromophore as this is the light absorbing part of a molecule. Delocalization of the
electron in the chromophore is the primary parameter in determining the absorp-
tion properties, and the concept of resonance structures is a helpful tool to visualize
the delocalization. As the electron delocalization depends on the whole geomet-
rical (two and three dimensional) structure of the chromophore, this is indirectly
revealed in the absorption spectrum. For many molecular ions, charge density is
transferred in the transition, and the electronic coupling between parts of the chro-
mophore becomes important for the absorption properties. The effect of charge
transfer may in some cases dominate the effect of electron delocalization.

When a thorough understanding of the photophysical properties of the chro-
mophore is obtained one can move on to investigate the more realistic situation
where the chromophore is a part of a larger molecule or embedded in a complex
or an environment. The perturbations to the optical properties of the chromophore
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caused by the surroundings are considered. Here I discuss three types of pertur-
bations; inductive effects caused by substituents, the effect of nearby charges, and
of metal-ion complexation. Substituents to the conjugated network may induce a
small charge on the chromophore and hence affect the electron delocalization. As
this inductive effect is rather vague, the impact on the absorption spectrum is small,
and it may be hard to disentangle this effect from other perturbations. Nearby
charges, on the other hand, may drastically alter the absorption properties as the
charge interacts with the delocalized electron cloud. For metal-ion complexes both
the metal atom, the ligand, and their interplay are crucial for the absorption prop-
erties.

Ion spectroscopy, in general, is a diverse research field and UV-VIS spec-
troscopy on molecular ions is just a single piece in the overall puzzle. As all the
pieces are gathered a colorful picture with a diversity of information is depicted.
One corner will illustrate which chemistry occurs in the interstellar media, and how
the molecules that surround us are formed. Another how the atmosphere protects
us against radiation from the sun, and how this radiation at once can cause skin
cancer and be a catalyst for important processes in our body. We will see how the
conformers of a single molecular ion is responsible for how we perceive light, and
another molecule responsible for the vital transport and storage of di-oxygen in our
blood. We will learn to understand and mimic processes in nature, such as harvest
the energy from the sun by artificial photosynthesis.
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Dansk resumé

I løbet af min ph.d. har jeg undersøgt de fotofysiske egenskaber af π-konjugerede
molekylære ioner, isoleret i gasfasen. Undersøgelserne er baseret på absorptions-
spektroskopi, nærmere bestemt action spectroscopy, og massespektroskopi udført
ved to instrumentelle opstillinger ved Institut for Fysik og Astronomi, Aarhus Uni-
versitet, Danmark.

Denne afhandling er en opsummering af gasfasespektroskopi på lige-elektron
molekylære ioner i det ultraviolette og synlige område. Udover mine egne forskn-
ingsresultater har jeg således inddraget andres arbejde for at opnå et bredere per-
spektiv og sammenfatte forskningsfeltets nuværende status.

Målet er at opbygge en grundig viden om molekylære ioners basale optiske
egenskaber; det er vigtigt fra et fundamentalt synspunkt, men også for at forstå
de mange processer i naturen der drives af eller involverer lys. Absorptionsspek-
troskopi viser sig nyttig i denne henseende, men finder også anvendelse ved en
generel karakterisering af molekylære ioner.

Et godt udgangspunkt for denne opgave er at opnå en forståelse af en kromofors
optiske egenskaber, da kromoforen er den lysabsorberende del af et molekyle. Den
primære parameter for at bestemme absorptionsegenskaberne er elektrondelokalis-
ering, og resonansstrukturer viser sig at være et nyttigt redskab til at visualisere de-
lokaliseringen. Da delokaliseringen afhænger af kromoforens geometriske (to og
tredimensionelle) struktur, afsløres denne indirekte i absorptionsspektret. I mange
kromoforer sker der ladningsoverførsel ved overgangen, og derved bliver den elek-
troniske kobling mellem dele af kromoforen vigtig for absorptionsegenskaberne.
I nogle tilfælde kan effekten ved ladningsoverførsel endda dominere effekten af
elektrondelokalisering.

Når en god forståelse af kromoforens optiske egenskaber er opnået, forsættes til
den mere realistiske situation, hvor kromoforen er en del af et større molekyle eller
er placeret i et kompleks eller omgivende miljø. Det diskuteres, hvordan kromo-
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forens optiske egenskaber påvirkes af disse omgivelser. I afhandlingen diskuterer
jeg tre forskellige påvirkninger; den induktive effekt skabt af substituenter, effekten
af nærliggende ladninger og påvirkninger i metal-ion-komplekser. Substituenter på
det konjugerede netværk inducerer en ladning på kromoforen, hvorved elektron-
delokaliseringen påvirkes. Da denne induktive effekt er svag, er indflydelsen på
absorptionsspektret lille, og effekten kan være svær at adskille fra andre effekter.
Nærtliggende ladninger derimod kan i høj grad ændre absorptionsegenskaberne,
idet ladningen vekselvirker med den delokaliserede elektronsky. For metal-ion-
komplekser er både metalatomet, liganderne og samspillet mellem disse vigtige
for de optiske egenskaber af komplekset.

Generelt er ionspektroskopi et bredt og mangeartet forskningsfelt, og absorp-
tionsspektroskopi i det ultraviolette og synlige område er kun en enkelt brik i det
store puslespil. Når alle brikkerne er samlet fremstår et farverigt billede med en
mangfoldighed af informationer. Ét hjørne vil vise, hvilken kemi der foregår i det
interstellare medie, og hvordan de molekyler, der omgiver os i dag, er formet. Et
andet hvordan atmosfæren beskytter os mod stråling fra solen, og hvordan denne
stråling på én gang kan forårsage kræft og samtidig være en katalysator for vigtige
processer i vores krop. Vi vil se, hvordan et enkelt molekyles konformerer re-
degører for, hvordan vi opfatter lys, og at et andet molekyle er ansvarlig for den
livsvigtige transport og lagring af di-oxygen i vores krop. Vi vil lære at forstå og
efterligne processer i i naturen, såsom at høste solens energi ved kunstig fotosyn-
tese.
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CHAPTER 1

Introduction

That gas phase molecular ion spectroscopy is an ongoing and important research
field is evident from a quick glance at the scientific journals from 2010. In addition
to a large number of articles and a number of reviews, one also finds two special
issues on the topic; a special issue in International Journal for Mass Spectrometry,
vol. 297, edited by E. Williams from November 2010 and a special focus in The
Journal of American Society of Mass Spectrometry, vol. 21, from May 2010. Even
though it is not a new research field, it is still a field of rapid growth with plenty of
exciting physics waiting to be unveiled.

The development of the research field is, as often, tied to technological progress.
In the early days, the invention of ion traps facilitated spatial confinement of molec-
ular ions and increased the timescale for investigation of and interaction with the
ions. Later, the development of monochromatic tunable light sources led to further
advancement. A major step forward was taken with the invention of soft ionization
methods, such as matrix-assisted laser desorption ionization (MALDI) [1, 2], fast
atom bombardment (FAB) [3], and electrospray ionization (ESI) [4], as it extended
the field to larger and more complex systems such as biomolecules. More recently,
employment of intense laser fields from free electron lasers (FEL) together with
highly resolved spectra from cold ion traps opens up new possibilities in the field
and ensures continuing progress.

The motivation to study molecular ions is partly fundamental as interesting
physics comes about. Also, it is founded in reality as molecular ions are abundant
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in nature and are responsible for important processes both in the atmosphere and in
our body. Thereby, the research field is strongly driven by the desire to understand
the nature that surrounds us.

Gas phase experiments are essential to probe the intrinsic properties of molec-
ular ions without disturbances from a solvent. Obviously, this is desirable from
a fundamental physics point of view, but it also holds relevance in reality. First,
isolated molecular ions exist in nature for instance in vacuum-like pockets within
proteins and in the interstellar medium. Second, a profound understanding of sol-
vent effects is achieved from gas phase experiments, both from a gradual build-up
of the solvent environment and from comparison between gas phase and solution
phase experiments. Consequently, gas phase experiments are important as they
provide a fundamental understanding of the intrinsic properties of the molecular
ions and thereby serve as a solid foundation for further investigations.

In the aim to investigate molecular ions, spectroscopy turns out to be a strong
characterization tool. Knowledge of the molecular structure is obtained as the op-
tical properties depend on the geometrical two and three dimensional structure of
the ion. Moreover, the electronic structure of the molecular ion can be identified
by spectroscopic methods. In all, the optical spectrum is a clear fingerprint of a
molecular ion and contains information on the molecular structure and electronic
structure. In a broader perspective, light driven processes in nature are common,
and hence a fundamental understanding of the interaction between light and molec-
ular ions is desirable.

The light absorbing part of a molecule is called a chromophore. For large
systems mainly the chromophore properties are probed by spectroscopy, however,
these properties are affected by the surroundings, e.g., the remaining part of the
molecule. An investigation of the chromophore by spectroscopic methods, thereby
indirectly reveals information on the whole molecular ion. This encourages firm
knowledge on the optical properties of the chromophore and how spectral tuning is
triggered by small modifications of the chromophore or by external perturbations.
Besides a fundamental understanding of the underlying physics, it also enables the
design of molecules with desired optical properties. Wide application of this design
approach is found within materials science where one example is light-harvesting
antennas applicable in artificial photosynthesis [5, 6]. In a long term perspective,
the approach is also useful in molecular electronics where the electronic compo-
nents are made from single (supra)-molecules [7].

In a biological framework, gas phase spectroscopy is an important tool to in-
vestigate the environment that surrounds the chromophore in, for instance, a pro-
tein. The gas phase experiment on the bare chromophore serves as a starting point,
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upon which the surroundings subsequently can be build. Thus, the individual in-
teractions with the surroundings, such as nearby charge sites, hydrogen bonds and
folding, can be studied in a controlled manner [8, 9]. Gas phase spectroscopy on
biological important species ranges from studies of the simple building blocks as
nucleotides [10, 11], small DNA strands [12], single amino acids, and small pep-
tides [13, 14] to studies on whole proteins [15].

A final motivating factor to be mentioned here is the need for gas phase ex-
periments to benchmark theoretical calculations. Results from solution phase ex-
periments are not suitable for verification of theoretical results as solvent effects
are not easily accounted for in the calculations. Unfortunately, excited state cal-
culations on medium sized molecules is a cumbersome and difficult task. Despite
this, great advances have been achieved within the last decade concurrently with
the increased number of gas phase results [16].

Unfortunately, gas phase spectroscopy on ions is not trivial due to a low num-
ber of absorbers in non-dense ion clouds. Consequently, conventional absorption
spectroscopy based on Lambert-Beers law is not possible. This challenge is, to a
certain extent, circumvented by action spectroscopy. In action spectroscopy one
measures the result of absorption, for instance photodissociation or electron pho-
todetachment, as a function of excitation energy to obtain absorption cross sections.
One disadvantages of the method is that only relative, not absolute, cross sections
are obtained, another that absorption which does not result in the chosen action
is not sampled. Despite its shortcomings, action spectroscopy has proven to be a
powerful technique.

Action spectroscopy is employed at different mass spectrometry instrumen-
tal setups such as quadrupole ion traps [17, 18, 19], tandem mass spectrometers
[20, 21], time-of-flight (TOF) [22, 10, 23] instruments and fourier transform ion
cyclotron resonance instruments (FT-ICR) [24, 25]. The setups differ in photofrag-
ment detection method (separation in time, space or cyclotron frequency), dissoci-
ation time (timescales from µs in TOF to seconds in FT-ICR) and sampling time
(discrimination against slow/fast decay i.e. kinetic shifts and delayed experiments).
Each setup possesses disadvantages such as collisions among the ions, consecutive
dissociation, photodissociation of photofragments and radiative cooling. Hence,
the perfect experiment for gas phase spectroscopy does not yet exist, and the ex-
perimental method needs to be keep in mind as results are examined and compared
[26].

Overall, gas phase spectroscopy is a broad field that consists of various differ-
ent methods such as infrared multiple-photon dissociation (IRMPD) spectroscopy
[27, 28], IR-UV double resonance spectroscopy [14], femtosecond pump probe ex-
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periments [29, 30, 31] and fluorescence spectroscopy [32, 33, 34, 35], to mention
some. Each method has its advantages and provides distinct information. However,
in this thesis I will focus only on UV-VIS spectroscopy. Also, I will only con-
sider intermediate-sized molecular ions and restrict myself to even-electron ions;
the only exceptions being C60, the radical cation tetrathiafulvalene (TTF) and its
derivatives. Extensive work exists on gas phase spectroscopy of radical cations and
anions, see for instance work by R. Dunbar [36, 37].

The majority of the results presented in this thesis is from action spectroscopy
experiments carried out at a storage ring facility in Aarhus. The action probed with
this experimental setup is photodissociation and I will not specify this at each spec-
trum. In addition to my own results, results from the group of L. H. Andersen are
also obtained from experiments carried out at this facility. The main advantages of
this state-of-the-art setup is the long (on the timescale of molecular dissociation)
sampling time, the possibility to cover a large region of dissociation times and a
simultaneous measurement of all neutral photofragments. A thorough description
of the setup and the different experiments is found in Appendix A.

To summarize, this thesis will review UV-VIS spectroscopy on intermediate
sized even-electron gas phase molecular ions. In addition to presenting my own
results, results from other groups will be included to put the findings into a broader
perspective. Focus will be on spectral tuning, that is, how does small modifications
and perturbations alter the optical properties of the chromophore. To produce and
maintain a flow throughout the thesis, the motivation for the different experimen-
tal projects and the context and general description of each molecular ions I have
studied, is found in the respective publications at the end of this document. For
the same reason, the instrumental and experimental descriptions are also found in
Appendix A. The outline of the thesis is as follows:

Chapters two, three and four consider small modification of bare chromophores.

Chapter 2 treats electron delocalization of the electrons.

Chapter 3 introduces the concept of resonance forms as a powerful tool to visu-
alize electron delocalization.

Chapter 4 deals with charge transfer transitions.

Then I move on to how external perturbations, defined as parts not included in
the π-conjugated network, affect the optical properties of the chromophore. This
is the topic of chapters five, six and seven.
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Chapter 5 discusses the rather vague effect caused by substituents.

Chapter 6 is devoted to nearby charges and how they affect the chromophore.

Chapter 7 regards metal-ion complexes and their photophysics.

Chapter 8 concludes the thesis with a short summary and outlook.

Appendix A is a thorough description of the two instrumental setups I have used.
The different types of experiments are treated with focus on the action spec-
troscopy experiments.

After the bibliography I have attached the papers I have co-authored listed by
order of appearance in this thesis. For easy reference, a roman number is given to
each article, and this number is referred to throughout the thesis.
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CHAPTER 2

Extent of the π-conjugated network

In the aim to understand the optical properties of bare chromophores, the key pa-
rameter to consider is the extent of the π-conjugated network. The electron cloud
is delocalized over this region, and, in general, the higher degree of delocalization,
the lower excitation energy. As a simplified picture one can consider a particle in
a well and the decrease in energy level-spacing with increasing length of the well.
However, the treatment is too simple and caution should be taken.

To a first approximation the extent of conjugation is a matter of counting the
number of alternating single and double bonds. The first examples illustrate how
such an extension of the conjugation shifts the absorption of the chromophore to
lower energies.

As the full geometric structure of the chromophore is considered, the overlap
of the p-orbitals and hence the conjugation may be broken. If so, the absorption is
affected, and thereby the absorption spectrum is a fingerprint of the three dimen-
sional structure of the chromophore. Absorption spectra of different conformers
and isomer of a chromophore will demonstrate this.

Ground state CT transition Excited state

hv

Electron donating
substituent

Electron widthdrawing
substituent
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Early work by J. P. Honovich and R. C. Dunbar [24] nicely illustrates the
redshift in the absorption caused by extended conjugation and more delocalized
electrons. They measured the gas phase photodissociation mass spectra of several
protonated acrolein derivatives, for which a summary of the absorption maxima is
found in Figure 2.1 The conjugation is increased going from 3-penten-2-one (1) to
2,4-hexadienal (4) and to cinnamaldehyde (6) with phenyl (C6H5 ring) in conju-
gation, and a clear redshift from 262 nm to 340 nm to 410 nm was found in the
absorption.

Also, B. S. Freiser and J. L. Beauchamp [38] measured the gas phase absorp-
tion of several benzene derivatives and found the absorption for the chromophores
to be redshifted in the cases where the conjugation extended beyond the benzene
ring.

Figure 2.1. Gas phase absorption maxima of different acrolein derivatives. A redshift is
found in the absorption as the conjugation is increased. From reference [24].

A more recent example of extended electron delocalization is found in work
by L. H. Andersen et al. [39]. They recorded the gas phase action spectra of two
anionic red fluorescent protein model chromophores, RFP(1) and RFP(2). They
are extended forms of the green fluorescent protein (GFP) model chromophore
obtained by insertion of one and two ethylenic groups (C2H2) to get RFP(1) and
RFP(2), respectively, see Figure 2.2. Extension of the conjugation by one ethylenic
group redshifts the absorption by 42 nm, and the second ethylenic group causes an
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additional 28 nm redshift. Hence, the delocalization of the electrons is increased
in the order from GFP to RFP(1) to RFP(2) result in a decrease of the transition
energy. As we shall see later, a similar trend is found for the cationic species [40].
As a passing remark it is worth to mention that the GFP model chromophore was
the first biomolecule for action spectroscopy at ELISA. From comparison with the
protein absorption it was possible to identify an anionic form of the chromophore
in the protein [41].
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Figure 2.2. Action spectra of two red fluorescent protein (RFP) model chromophores.
Increasing the extend of conjugation from the chromophore of the green fluorescent protein
model chromophore (GFP) to RFP(1) to RFP(2) results in 42-nm and additional 28-nm
redshift in the absorption, respectively. Adapted from reference [39].

The lesson so far is that an extension of the conjugation results in a lower
transition energy. A final illustration of this important point is found with the
C60 chromophore, known for its buckyball structure. C60 is highly conjugated
with all 60 carbon atoms in conjugation, hence, it is expected to absorb at low
energies. Figure 2.3 displays the action spectra of the C60 mono- (lower panel) and
dianion (upper panel), and indeed the absorption is found at 1066 nm and 933 nm
in the near-IR region, see also Article I ([42]) [43]. The congested spectrum, most
pronounced for the monoanion, is due to a geometric distortion and coupling to
so-called Jahn-Teller states, which will not be treated here.

Demonstrations on how absorption spectroscopy and the the above mentioned
principle can be used to distinguish between different isomers and even conform-
ers of a chromophore finalizes this chapter. The first study is on tetrathiafulvalene
(TTF) and the isomer tetrathianaphthalene (TTN). For TTF the lowest energy iso-
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Monoanion Dianion
λ main= 1066 nm λmain = 933 nm

Figure 2.3. Action spectra of the highly conjugated chromophore C60 as mono- (left) and
dianion (right) with absorption found in the near-infrared region. The spectral features are
due to vibrational excitation and Jahn Teller distorsion. Further details in Article I ([42])
and in reference [43].

mer consists of an exocyclic, fulvalene structure, but the isomer TTN with a fused
ring structure is found only 0.78 eV higher in energy, see Figure 2.4, Article II
([44]). The figure displays the action spectra of the two isomers, and a massive
difference (215 nm) in the absorption is found. TDDFT calculations, shown as
the vertical lines in the spectra, correctly reproduce the relative shift, though not
the actual values. Also solution phase experiments show a similar shift (714 - 900
nm) together with an expected small solvatochromic redshift of the ππ∗ transition.
Molecular structure calculations display a folded structure for TTN while a com-
plete explanation for the large redshift is not clear. That is, even though the two
isomers have the same number of atoms in conjugation, the electronic structure
differ and causes the measured huge difference in the absorption. Notice, that for
un-even electron species (radicals) the upper occupied orbital is the SOMO (single
occupied molecular orbital). Transitions can then occur from this partly occupied
orbital or from the fully occupied orbital (SOMO-1).

As regards conformers, the three dimensional structure of the chromophore
may alter the conjugation if the overlap of the p-electron is broken. In this way
the absorption spectrum provides information on the full geometric structure of the
chromophore. A nice illustration of this is found in the work by the group of L.
H. Andersen [45] on retinal protein model chromophore and model chromophores
of its different conformers, cf. Figure 2.5. Conformers are different spatial ar-
rangements of atoms due to rotations about a single bond in the molecule. In the
retinal chromophore (A) the β-ionone ring is somewhat free to rotate, see Figure
2.5, and two almost isoenergetic conformers exist; one planar structure and one
with a twisted ring. Model chromophore B and C resemble the planar conformer.
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Figure 2.4. Action spectra of two isomers; tetrathiafulvalene (TTF) and tetrathianaph-
talene (TTN) radical cations. The difference in electronic structure results in a 215-nm
shift of the lowest energy transition. TDDFT calculations (vertical lines) correctly repro-
duce the shift though not the actual values. Kohn-Sham molecular orbitals obtained from
DFT/B3LYP calculations illustrate the similarity of the transition. Further details in Article
II ([44]).

The position of the ring is locked in C but unlocked in B; hence, rotations may
occur in the latter. For the non-planar structure the conjugation does not extend to
the ring which is represented by model D. The gas phase action spectra revealed
that broken conjugation (D) results in a blueshift in the absorption (λ = 525 nm)
compared to the locked planar structure (C) (λ = 630 nm). The unlocked planar
structure (B) was found in the intermediate (λ = 618 nm). The broad absorption
band found for retinal chromophore (A) is a result of the different extent of conju-
gation for the two almost isoenergetic conformers present in the gas phase. On the
contrary, for conformers emerged from rotations in the backbone [46, 47], similar
absorption is found in agreement with the unaltered conjugation.
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B
Unlocked planar geometry
Partly broken conjugation
λ = 618 nm

C
Locked planar geometry
Unbroken conjugation
λ = 630 nm

D
Model for twisted-ring chromophore
Fully broken conjugation
λ = 525 nm

A (Retinal chromophore)
Several conformers
Free rotations of the ring 
Two conformers
λ = 530-610 nm
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Figure 2.5. Model chromophores for the conformers of retinal protein model chro-
mophore (A). The conjugation in the planar structure C is partly or completely broken
in B and D, respectively, and as a result the absorption is blueshifted. The presence of
several conformers for A result in a broad absorption band. Adapted from reference [45].
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CHAPTER 3

Resonance structures

Resonance structures is a helpful tool to visualize the electron delocalization of the
chromophore. Separated resonance structures exist only in theory as the overall
wavefunction of the chromophore is a linear combination of all resonance struc-
tures. Only electrons are moved between different resonance structures, and for
ions this corresponds to a change in the position of the charge. In this way the res-
onance structures visualize the electron delocalization. Several resonance struc-
tures indicate a delocalized electron cloud and hence a lower transition energy is
expected.

How the concept of resonance structures add to the simple principle, that the
extent of conjugation network determines the delocalization of the electron and
thereby the absorption properties of the chromophore, is demonstrated. Here ap-
plied to a chromophore in different charge states and different tautomeric forms.

Ground state CT transition Excited state

hv
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An illustration of how resonance forms shed light on the electronic structure of
different chromophores is found in the work by L. H. Andersen et al. [40, 48, 49].
They have studied three different biological relevant chromophores as cations and
anions, and the differences in absorption properties can be understood on the ba-
sis of resonance structures. The chromophores are model chromophores for the
green fluorescent protein (GFP), red fluorescent protein (RFP) and the W7 pro-
tein, respectively. Structures of the neutral chromophores are shown in Figure 3.1.
RFP(1) and RFP(2) are the previously treated extended forms of the GFP model
chromophore. In W7, the phenol ring in GFP is replaced by an indole ring, and two
tautomers exist for this chromophore. Tautomerism is a special case of isomerism
where a hydrogen migrates between a carbon or nitrogen atom and an oxygen
atom of an adjacent carbon. Throughout this thesis tautomers in equilibrium are
indicated by two half-headed arrows.

A summary of the absorption maxima for the chromophores, protonated and
deprotonated, is found in Figure 3.1. Two points attract attention. First, the GFP
and RFP anions absorb to the red of the cations but for W7 the order is reversed.
Second, the redshift in the absorption of W7 compared to that of GFP, expected
from the extended structure of W7, is only found for the cation, not for the anion.
To address these points we need to consider the important resonance structures
(indicated by a single double headed arrow) of the protonated and deprotonated
forms of the chromophores as presented in Figure 3.2.

HO

N N

O

CH3

CH3Deprotonated Protonated

GFP 479 nm 406 nm

RFP(1) 521 nm 441 nm

RFP(2) 549 nm 448 nm

W7 459 nm 477 nm (454 nm)

Absorption (nm)
W7 (keto)

NH

N N

O

CH3

CH3

N

N N

OH

CH3

CH3

HO

N N

O

CH3

CH3

HO

N N

O

CH3

CH3

GFP RFP(1) RFP(2)

W7 (enol)

Figure 3.1. Structure of green fluorescent protein (GFP), red fluorescent protein (RFP(1)
and RFP(2)) and W7 model chromophores. For W7 two tautomers exist. The table summa-
rizes the gas phase absorption maxima for the deprotonated and protonated forms. Adapted
from references [40, 48, 49].

For deprotonated GFP and RFP, electron density is located at the carbonyl oxy-
gen (2b) or at the hydroxyl group (2a), and for deprotonated W7 at the carbonyl
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Figure 3.2. The important resonance structures for GFP, RFP and W7 model chro-
mophores. R represents CH3, (CH)2CH3, and (CH)4CH3 for GFP, RFP(1), and RFP(2),
respectively (see structures in Figure 3.1). The differences in absorption can be understood
in the light of these resonance structures. Adapted from references [40, 48, 49].

oxygen (3). The existence of more important resonance structures for GFP and
RFP than for W7 illustrates the more delocalized electron cloud and explains the
absorption found to the red of the W7 anion.

For the protonated forms, the positive charge is delocalized over the two imi-
dazolinone ring nitrogens (1a and 1b, 4a and 4b). Yet, for the second tautomer of
W7 the electron is delocalized between the indole nitrogen (5a) and the carbonyl
oxygen (5b). In accordance with the extended delocalization for this tautomer, the
absorption of W7 cation is found to the red compared to that for the GFP and RFP
cations, but also compared to the W7 anion. Two absorption bands are found in the
spectrum of cationic W7 as a result of the two tautomers with different absorption.

Similar argumentation can be applied to the work by the group of R. A. Jockusch
[50] on the fluorescein chromophore. The obtained gas phase action spectra of the
cation, monoanion and dianion are presented in Figure 3.3 together with the im-
portant resonance structures for the mono- and dianion. The absorption maximum
is found at 430 nm, 520 nm and 500 nm for the cation, monoanion and dication,
respectively. For the monoanion two tautomers exist, but from comparison with
tautomer-specific solution phase experiments and with experiments on fluorescein
derivatives they conclude that mainly tautomer B is present in the gas phase. Two
resonance structures exist for this tautomer, and hence the electron is more delo-
calized for the anion than for the cation and dianion. Although similar resonance
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structures exist for the dianion, the contribution from the structure to the right is
less due to the Coulomb repulsion between the two close charges, i.e. it is energet-
ically unfavorable.

O
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OH OH

O
+

O

OH

O O

O

O

OH

O O

O

O

O

OH O

O

O

O

O O

O

Tautomer A Tautomer B

O

O

O O

O

Figure 3.3. Action spectra (symbols) of the cationic (upper panel), monoanionic (middle
panel), and dianionic (lower panel) fluorescein chromophore. The important resonance
structures are displayed to the right. Two tautomers exist for the monoanion where mainly
structure B is believed to be present in the gas phase. The two important resonance struc-
tures for this tautomer explains the absorption to the red of the dianion and cation. The
right resonance structure for the dianion is less important due to the Coulomb repulsion
between the two nearby negative charges. Solid and dotted lines represent solution phase
data (water and dimethyl sulfoxide solutions). Adapted from reference [50].

That the absorption properties are tautomer specific is comprehensible as the
charge distributions for different tautomers differ. A recent example of this is a
direct comparison of the absorption found for different tautomers of protonated
adenine. The gas phase photofragment spectrum of protonated adenine with an
absorption at 4.53 eV (λ = 274 nm) was presented in 2005 by R. Weinkauf et al.
[51]. Electrospray ionization was used to produce the ions, and from theoretical
calculations they were able to determine the most abundant tautomer created from
the source. Theory furthermore showed that the excitation energy is tautomer-
specific. In a recent experiment by C. Jouvet and co-workers [52] protonated ade-
nine is formed from cold adenine dimers, and a 0.3 eV redshift in the absorption
(λ = 293 nm) was found compared to Weinkaufs results. According to theory,
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they ascribed the shift to production of another tautomer from the fragmentation of
dimers compared to electrospray ionization, see Figure 3.4.
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Figure 3.4. Two tautomers of protonated adenine formed by electrospray ionization and
from dissociative ionization of adenine dimers, respectively. A difference of 0.3 eV is
found between the absorption maximum of the two tautomers. Adapted from references
[52, 51].

The clear fingerprint on tautomerism provided by absorption spectroscopy was
utilized by L. H. Andersen and co-workers [53]. They measured the action spec-
trum of the photoactive yellow protein (PYP) model chromophore and model chro-
mophores for its two different tautomers, see Figure 3.5. The charge density is
localized at one end of the chromophore in one tautomer (A1) and in the other tau-
tomer (A2) delocalized between the two ends. Hence, one expect the absorption
properties of the two tautomers to be different. To ascertain which one of the two
tautomers that is produced by electrospray ionization, they compared the gas phase
action spectrum of the deprotonated chromophore with the action spectra of two
methyl-substituted derivatives, see right part of the figure. Methyl (-CH3) substi-
tution at the phenol end (B) localizes the charge at the carboxyl oxygen, similar
to tautomer A1. The derivative with the methyl at the carboxyl end (C) has two
important resonance structures, hence the electron is delocalized as for tautomer
A2. The obtained gas phase action spectra are shown in the left part of the fig-
ure. Surprisingly, similar absorption was found for all three chromophores, that
is, charge localization does not seem to affect the absorption of the chromophore.
Consequently, determination of the present tautomeric form of A was not possi-
ble from these experiments. Remarkably, they also measured the gas phase action
spectrum of chromophore A with two water molecules attached to the phenol end
and found a huge 85-nm blueshift upon charge-localization by the water molecules
[54]. Clearly, more experiments are needed to fully understand the photophysics
of this chromophore.
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Figure 3.5. Action spectra of the photoactive yellow protein (PYP) model chromophore
(A) and two derivatives that model each of the two tautomers A1 and A2. The important
resonance structures illustrate how the charge is localized in A1 and B but delocalized in
A2 and C. Surprisingly, similar absorption is found for the three chromophores, that is,
charge delocalization does not seem to affect the optical properties of the chromophore.
Adapted from references [53].
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CHAPTER 4

Charge transfer transitions

The type of transition that occurs upon excitation is obviously crucial for the ab-
sorption properties of the chromophore. For many chromophore ions charge den-
sity is transferred from one part of the chromophore to another upon excitation.
Such charge transfer transitions are found at lower energies compared to the local-
ized transitions due to the separated and non-coupled states involved. Hence, for
charge transfer transitions the simple picture of electron delocalization discussed
previously is not the full story. In addition to this, one also needs to consider how
pronounced the charge transfer character of the transition is.

If the charge transfer is between two distinct groups of the chromophore, a
so-called donor-acceptor chromophore, the spacer connecting the two groups be-
comes important. The spacer conveys the electronic coupling between the groups
and hence determines the degree of charge transfer in the transition. The absorp-
tion spectrum provides a clear fingerprint of this, and thereby serves to character-
ize the spacer.

Ground state CT transition Excited state
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Electron donating
substituent

Electron widthdrawing
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A lower excitation energy is found for charge transfer transitions, as displayed
in Figure 4.1. If the two states among which the transition occurs are completely
separated (zero overlap of the orbitals), the transition energy will be determined
by the difference in energy of the individual states. As the states approach each
other, they start to couple and form new states, as illustrated in the middle. This
gives an increase in the transition energy. A further enhancement of the coupling
between the states additionally increases the transition energy. For charge transfer
transitions the situation approaches the first situation with non-coupled states, that
is, the higher degree of charge transfer in the transition the lower transition energy.

Degree of charge transfer

hυ hυ hυ

Excitation energy

Coupling between states

Figure 4.1. Illustration of the lower transition energy found for charge transfer transitions
(left) and how coupling between the states (right) increases the excitation energy.

A simple example of charge transfer transition is found in protonated benzene
dimers studied by the group of C. Jouvet [23]. For the dimer, charge is transferred
from one ring to the other upon excitation, and this charge transfer transition is
found at 440 nm. This is a severe redshift compared to the localized transition
found in protonated benzene at 330 nm [55].

The group of C. Jouvet [56] extended the work to include three small proto-
nated linear polycyclic aromatic hydrocarbons (PAHs) - naphthalene (two rings),
anthracene (three rings), and tetracene (four rings) - where charge density in a sim-
ilar manner as in benzene dimers can be transferred from one ring to another. The
obtained photodissociation spectra are presented in Figure 4.2 together with the
molecular orbitals. Naphthalene (λ = 503 nm) and anthracene (λ = 491 nm) are
found to absorb in the same spectral region, whereas tetracene (λ = 680 nm) ab-
sorbs further to the red. From the molecular orbitals it is evident that the charge
transfer character of the transition is more pronounced for the chromophores with
an even number of rings, due to the asymmetry of the molecules. Moreover, the
distance over which the charge density is transferred is larger for the larger chro-
mophores which explaines the absorpion of tetracene compared to that of naph-
thalene. Hence, despite the larger molecular size of anthracene compared to that
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of naphthalene, similar absorption is found for the two as a result of more charge
transfer character of the transition in naphthalene.

Figure 4.2. Gas phase photofragment spectra of three cold protonated linear polycyclic
aromatic hydrocarbons (PAHs). Due to a more pronounced charge transfer character of
the transition in naphthalene, nearly similar absorption by naphthalene and anthracene is
found despite the greater extent of conjugation in anthracene. Molecular orbitals reveal the
charge transfer character for even-numbered rings. From reference [56].

Charge transfer transitions are pronounced in donor-acceptor chromophores,
where charge is transfered between two distinguished parts of the chromophores,
separated by a spacer. The degree of charge transfer is determined by the spacer
as it couples the two groups and convey the electronic communication. One ex-
ample of such donor-acceptor chromophores is nitrophenolates. We have studied
four different nitrophenolate anions characterized by different π-conjugated spac-
ers between the donor and acceptor groups, see Figure 4.3, Article III ([57]). The
lowest energy absorption maximum is found to redshift through the whole visible
spectrum with increasing spacer-length, going from 392 nm for a single phenylene
(C6H4) spacer (A) to 775 nm for three phenylene spacers (D). Hence, the coupling
between the donor and acceptor groups decreases with increasing distance between
the groups, i.e. the charge-transfer character of the transition is more pronounced
for the larger chromophore, evident from the molecular orbitals shown in the fig-
ure. In solution a much smaller spectral region is covered and also the order is
different (λ = 387, 406, 435, 377 nm in MeOH for A, B, C, D, respectively), i.e.
counter ions and solvent dipoles play a huge role. Theoretical coupled cluster cal-
culations, shown as the vertical lines in the spectra, provide good predictions of the
relative shift of the absorption maxima.
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Figure 4.3. Action spectra of four nitrophenolates anions with different spacers between
the donor and acceptor groups. An increased distance, and hence lower coupling between
the states, redshift the absorption through the whole visible spectrum. Molecular orbitals
(right) illustrate the charge transfer character of the transition. Theoretical coupled cluster
calculations (vertical lines) correctly reproduce the shift. Further details in Article III
([57]).

The coupling between the donor and acceptor end is not only determined by
the length of the spacer connecting the ends, also the actual structure of the spacer
is found to be important, Article IV ([58]). Figure 4.4 displays the action spectra
of two nitrophenolate anions where one has an alkene unit (A) and the other an
alkyne unit (B) as part of the conjugated entity connecting the donor and acceptor
groups. For the alkene unit (double bond) the hybridization of the carbon atoms in
the alkene bond is sp2 whereas the carbon atoms in the alkyne unit (triple-bond) are
sp hybridized. The absorption maximum is found at 685 nm for the alkene species
and at 695 nm for the alkyne species, that is, the coupling is better conveyed by
the alkene unit. Theoretical calculations with the coupled cluster method, shown
as the vertical lines in the spectra, correctly reproduce the redshift from the alkyne
species compared to the alkene species. Solution phase measurements (acetonitrile
(λA = 542 nm and λB = 497 nm) and methanol (λA = 435 nm and λB = 408

nm)) on the contrary result in a shift in the opposite direction.

The coupling between the donor and acceptor ends is conveyed through the
conjugated network. Hence, if the conjugation is broken (i.e. low coupling) the
charge transfer degree is high and the absorption redshifts. An illustration of this
is found by comparing the absorption of the different isomers of the nitropheno-
late anion ([59]). Figure 4.5 displays the action spectra of the three isomers; ortho
(upper panel), meta (middle panel) and para (lower panel). Similar absorption is
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Figure 4.4. Action spectra of two nitrophenolate anions; One with an alkene unit (A) and
one with an alkyne unit (B) as part of the spacer between the donor and acceptor group. A
difference of 10 nm is found in the absorption which reveals that the electronic coupling
is better conveyed by the alkene unit. Theory (vertical lines) correctly reproduce the shift,
and molecular orbitals show the charge transfer character of the transition. Further details
in Article IV ([58]).

found for ortho and para whereas the absorption by meta is blueshifted. The im-
portant resonance structures of the isomers are drawn to the left in the figure and
visualizes that the donor and acceptor group are in conjugation in ortho and para
as the charge may be moved between the two groups. For meta the two groups are
not in conjugation, i.e., the coupling is broken. Hence, according to the previous
arguments on the degree of charge transfer we expect to find the absorption by meta
to the red. In contrast to this we expect a redshift in the absorption of ortho and
para due to the presence of two important resonance structures and hence a more
delocalized electron cloud. This example illustrates how the two effects - electron
delocalization and charge transfer character of the transition - may counteract each
other, and a determination of which effect dominates is not always easy. As op-
posed to the gas phase results, and in agreement with the expectations for charge
transfer transitions, both theory and solution phase report that the absorption of
meta should be found to the red but with a low oscillator strength. Thus, this all
suggest that the lowest energy absorption band is absent in the gas phase spectrum
of meta as a result of a too low oscillator strength for this transition to be measured
with our technique. The band measured to the blue for meta is most likely from a
higher energy transition.

Support to the above conclusion is found in a similar study by the group of L.
H. Andersen [60]. They measured the action spectra of the three different isomers



24 CHAPTER 4 - CHARGE TRANSFER TRANSITIONS

200 300 400 500 600

Para

 

Wavelength (nm)

Ortho

 

A
bs

or
pt

io
n 

(a
rb

. u
ni

ts
)

Meta

 

 

 

O

N
+
O

O

O

N
+
O

O

O

N
+

O
O

O N
+

O

O
O N

+

O

O

Figure 4.5. Action spectra of three isomers of the nitrophenolate anion. Similar absorp-
tion is found for para and ortho whereas the absorption for meta is shifted to the blue.
Most likely, the band measured for meta is from a higher energy transition, and the lowest
energy absorption should be found to the red with a low oscillator strength, see text for
details. Further details on the molecular ions in Article III and IV, data not published
([59]).

of a donor acceptor chromophore that models the photoactive yellow protein (PYP)
chromophore, see Figure 4.6. The lowest energy absorption is found to be similar
for ortho and para whereas for meta a band with low oscillator strength is found to
the red. Again, for ortho and para the donor and acceptor ends are in conjugation
and the coupling (i.e. the electronic communication) is larger than in the case of
meta. The lowest energy absorption of the latter is found to the red as the charge
transfer character of the transition is more pronounced for this isomer. These re-
sults are in full agreement with our expectations and hence support the conclusion
for the nitrophenolates above.
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Figure 4.6. Action spectra (symbols) of the three isomers, ortho (upper), meta (middle),
and para (lower), for a photoactive yellow protein (PYP) model chromohore. Similar
lowest energy absorption is found for the ortho and para whereas for meta the absorption
is found to the red with low oscillator strength. The situation is similar to that of the
nitrophenolate where the donor and acceptor ends of meta are not in conjugation, evident
from the resonance structures, hence the more pronounced charge transfer character of the
transition and the redshift in absorption. Solution phase results are shown as the solid lines.
Adapted from reference [60].
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CHAPTER 5

Inductive effects

By now we understand the absorption properties of the bare chromophore on the
basis of electron delocalization and the type of transition involved. We know that
the absorption spectrum provides information on the three dimensional structure of
the chromophore, the type of transition involved, the electronic coupling between
different parts of the chromophore and on tautomerism. As the chromophore is a
part of a larger molecule or embedded in a complex, the π-conjugated network is
perturbed. The rest of this thesis is devoted to such external perturbations and how
they manifest themselves in the absorption spectrum.

In this chapter we consider the inductive effect caused by substituents to the
conjugated entity. The inductive effect is conveyed through the σ-bonds that con-
nect the substituent to the chromophore, and the effect is to induce a small charge
on the chromophore by pulling or pushing electrons towards or away from the
substituent. This small induced charge density on the chromophore will obviously
affect the π-electrons and hence cause a change in the absorption properties. As
we shall see, the inductive effect is more subtle than the changes considered so far,
and moreover the effect on the absorption is much smaller. Consequently, it may
be hard to decouple the effect from other perturbations.
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An illustration of the inductive effect caused by electron withdrawing and elec-
tron releasing substituents is presented in Figure 5.1. The negative charge induced
by an electron releasing group (left side) interacts unfavorable with the π-electrons
of the chromophore. Conversely, a favorable interaction is found when a positive
charge is induced by an electron withdrawing group (right side). The stabilization
and destabilization, respectively, is larger for the ground state than the excited state
as the π-electron cloud is more diffuse in the excited state and therefore easier to
polarize. Hence, the stabilization due to an electron widthdrawing group results in
a blueshift and the destabilization found for an electron releasing group causes a
redshift iof the absorption.

δ- δ+

Ground state

Excited state

δ+ δ-

Figure 5.1. Illustration of how the inductive effect caused by substituents to the conju-
gated entity affects the energy levels of the chromophore. An electron releasing and with-
drawing substituent results in a blue- and redshifted absorption, respectively, as a result
of the unfavorable or favorable interaction between the induced charge and the π-electron
cloud.

In the first example we consider an oligophenyleneethynylene (OPE) with and
without two CH2CH3 groups attached, cf. Figure 5.2, Article V ([61]). The action
spectra show that the substituents (B) cause a small 12-nm redshift of the absorp-
tion together with a broadening of the band. The lowest energy transition is still
confined to the conjugated entity but the CH2CH3 groups induce a small nega-
tive charge on the chromophore. This induced charge interacts unfavorable with
the π-electrons on the chromophore and hence causes the measured redshift in the
absorption.

A similar situation is found for the TTF radical cation and the derivative TMT-
TTF with four SCH3 groups attached to the chromophore, cf. Figure 5.3, Article
II ([44]). The action spectrum of the unsubstituted TTF has an absorption at 400
nm with a smaller band around 600 nm, being the SOMO to SOMO+2 and SOMO
to SOMO+1, respectively. For the substituted chromophore two similar bands are
found together with an extra band at lower energies. This extra band (SOMO-1
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Figure 5.2. Action spectra of two oligophenyleneethynylenes (OPE) cations, one with
(B) and one without (A) substituents. The substituents induce a small negative charge on
the chromophore and hence cause a small 12-nm redshift of the absorption. Further details
on the molecules in Article V ([61]).

to SOMO) is a charge transfer transition from the substituents to the chromophore
entity. In the framework of inductive effect we disregard this charge transfer tran-
sition and focus instead on the 420 nm (SOMO to SOMO+4) transition, cf. molec-
ular orbitals. This is a π − π∗ transition on the chromophore part, similar to the
400 nm (SOMO to SOMO+2) transition for TTF. Hence, the effect of the induced
charge from the substituents is a 20 nm absorption redshift. The redshift indicates
that the SCH3 groups induce a small positive charge on the chromophore as for
the OPE. However, the electronegativity of S compared to C is in contrast to this
and a blueshifted absorption was expected. Hence, the simple principle described
above comes to a short or other effects dominates. This example demonstrates how
difficult it is to probe the inductive effect.

Also, L. H. Andersen et al. [9] have studied the inductive effect. An electron
withdrawing bromo substituent was incorporated in the green fluorescent model
chromophore treated earlier. From the simple principle the bromo substituent is
electron widthdrawing and is expected to blueshift the absorption. Surprisingly, no
effect of the substituent was found as similar action spectra were obtained for the
chromophore with and without the substituent.
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Figure 5.3. Action spectra of tetrathiafulvalene radical cation, TTF, (lower) and the
derivative, TMT-TTF (upper) with four SCH3 substituents. The substituents cause a 20-nm
redshift in the absorption. Theory correctly reproduces the shift caused by the inductive
effect together with the position of the charge transfer transition at lower energies. Kohn-
Sham molecular of the relevant transitions. Further information in Article II ([44]).
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CHAPTER 6

Nearby charges

Charges in the near proximity of the chromophore is another highly important ex-
ternal perturbation. For many molecular ions the charge is placed outside the π-
conjugated network of the chromophore and should be considered as an external
nearby charge. Consequently, insight into the effect of nearby charges is essen-
tial to understand the optical properties of many molecular ions. The delocalized
electron cloud will interact with the nearby charge, and this may alter the degree
of delocalization. To investigate the effect of nearby charges complexation and
folding is employed.

From a biological point of view, understanding the effect of nearby charges
is important as charge sites are often present near the chromophore in a protein
environment. Hence, nearby charges may contribute to the overall spectral tuning
of the chromophore absorption by the surroundings.

A synthesis design approach to elucidate the effect of nearby charges is to at-
tach a spectator charge to the chromophore. This enables a controlled investigation
of the effect as the distance from the chromophore to the charge can be adjusted.
By employment of nearby charges both the number of charges and the distance
between the charge and the chromophore can be studied.
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In the first couple of examples we consider the well studied amino acid trypto-
phan. In tryptophan the chromophore part is the indole ring over which the pho-
toactive electron is delocalized, cf. Figure 6.1 left side, but the charge is found
outside this part. For protonated tryptophan the charge is located on the ammo-
nium group and thereby acts as a nearby charge. Consequently, tryptophan serves
as a good system to examine how a chromophore is influenced by a nearby charge.
Before proceeding to the experiments, a short introduction to the deexcitation path-
ways and the energy levels for protonated tryptophan is appropriate.

Figure 6.1 displays a simplified state level diagram of the energy levels in pro-
tonated tryptophan. For simplicity it only includes states on the chromophore and
on the charge site. The state reached upon excitation of an electron in the indole
aromatic ring is a ππ*(indole) state on the indole chromophore. This can couple to
a lower lying repulsive πσ*(NH3) state on the ammonium group that causes disso-
ciation along the NH bond to give the tryptophan radical cation. The excited state
lifetime of this state is short, hundreds of fs. Other deexcitation pathways exist with
substantially longer lifetimes. Further details on the photophysics of protonated
tryptophan will not be given here but are found in several papers [62, 63, 64, 65].

Ground state
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-H
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Fragments

18-crown-6-ether (CE)

Figure 6.1. Simplified state level diagram of protonated tryptophan and protonated tryp-
tophan in complexation with water molecules or 18-crown-6-ether (CE). Complexation
raises the πσ*(NH3) state out of the spectral region, and disables coupling to this state and
the concomitant hydrogen loss and formation of the radical cation.

Experiments on protonated tryptophan by the group of T. Rizzo [66] illustrate
how the interaction between the charge and the chromophore severely influences
the optical properties of the chromophore. Alteration of the interaction is obtained
by attachment of water molecules to the ammonium group. The left side of Figure
6.2 displays the gas phase photofragment action spectra of ∼10 K cold, protonated
tryptophan with zero (upper panel), one (middle panel) and two (lower panel) water
molecules attached. The broad spectra found for TrpH+ and TrpH+(H2O), despite
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the low temperature, are due to a short excited state lifetime as internal conversion
to the πσ*(NH3) state occurs, i.e. lifetime broadening. Attachment of two water
molecules results in a longer lifetime with a concomitant well resolved spectrum.
Hydrogen bonds, formed between the ammonium group and the water molecules,
raise the energy of the dissociative πσ*(NH3) state by 1.3 eV and hence hinder
coupling to this state, see right part of Figure 6.1. The fast hydrogen loss channel
is thereby eliminated. That is, as the interaction between the nearby charge and the
chromophore is weakened, the optical properties of the chromophore are greatly
affected, in this case apparent from a longer excited state lifetime. Hence, the
example illustrates the huge effect a nearby charge may cause on the photophysical
properties of the chromophore. In the regard of the short lifetime found for some
protonated aromatic molecules but not for others a recent discussion by C. Jouvet
is found in reference [67].

TrpH+ TrpH+(H2O)2

Figure 6.2. Photofragment action spectra of protonated tryptophan with zero (upper
panel), one (middle panel), and two (lower panel) water molecules attached. Addition of
two water molecules results in a highly resolved spectrum in consequence of an increased
lifetime. Water molecules weakens the coupling between the chromophore and the charge
and eliminates the fast hydrogen loss channel. Adapted from reference [66].

The group of K. Fuke [68] did a similar study on cold, microsolvated, proto-
nated tryptophan. They measured the photodissociation spectrum of TrpH+(CH3OH)n
(n = 0,1,2) and, as for the case of water solvation above, obtained a vibrationally
resolved spectrum upon attached of two solvent molecules, see left panel of 6.3.
They extended the study to include dipeptides of tryptophan with Alanine (Ala),
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Valine (Val) and Glycine (Gly) [69], where only results for the latter are treated
here. The spectrum of Trp-GlyH+ (middle panel, lower spectrum) was similar
to that of TrpH+, whereas the absorption of bare Gly-TrpH+ (right panel, upper
spectrum) was found redshifted and substantially broadened. Hence, the sequence
of the dipeptide matter for the optical properties. This is not surprising as the
structure, and thereby the distance from the charge to the chromophore, will differ.
Calculated structures show that for protonated Gly-Trp the structure is folded with
a much shorter distance between the indole chromophore and the charge on the
ammonium group compared to the distance in protonated tryptophan and Trp-Gly.
Hence, the effect of the nearby charge is not only visible as a broadening of the
spectrum due to a short lifetime but also as a shift in the absorption maxima. A
verification of this interpretation is found as attachment of solvent molecules to
Gly-TrpH+ (right panel, middle and lower spectrum) increases the distance from
the chromophore to the charge and shifts the absorption towards that of protonated
tryptophan.

Gly-TrpH+(CH3OH)nTrpH+(CH3OH)n
TrpH+ and Trp-GlyH+

Figure 6.3. UV photodissociation spectra of cold, microsolvated, protonated Tryptophan
(left panel), bare protonated tryptophan, and Tryptophan-Glycine (middle panel) and of
cold, microsolvated, protonated Glycine-Tryptophan, n=CH3OH. The interaction between
the π-electrons on the indole ring of tryptophan and the ammonium group redshifts the
absorption of Gly-TrpH+ and, as was seen for TrpH+(H2O)n, this interaction is weakened
by the solvent molecules. In result the spectrum of Gly-TrpH+(CH3OH)2 approaches
those of TrpH+ and Trp-GlyH+. Adapted from reference [69, 68].
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Identical reasoning and outcome was obtained for the protonated dipeptides
GlyTrp and TrpGly in our laboratory, Article VI [70]. The action spectra of proto-
nated GlyTrp and TrpGly is shown in Figure 6.4, left panel upper spectrum. The
folded structure of protonated GlyTrp, see right part of the figure, with subse-
quent increased effect of the nearby charge results in a redshift of the 210-nm band
compared to protonated TrpGly.1 In this case attachment of 18-crown-6-ether is
used to unfold the structure and verify that the redshift is a consequence of the
closer nearby charge. Crown ether, cf. Figure 6.1 right part, binds like a collar to
the ammonium group and thereby targets the three hydrogens. Just like solvent-
molecule attachment above, crown ether attachment decouples the πσ*(NH3) and
ππ*(indole) states with a 2-3 eV energy raise of the πσ*(NH3). Action spectra of
the two crown-ether tagged dipeptides are displayed in the lower panel of Figure
6.4, and similar absorption is found. Hence, the redshift of the 210-nm absorption
band for protonated GlyTrp is due to a stabilization of the excited state by the closer
nearby charge in the folded structure. Theory (middle panel) are in nice agreement
with the experimental results.
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Figure 6.4. Action spectra (left side) of the bare protonated dipeptides Gly-Trp and Trp-
Gly (upper panel) and the protonated dipeptides in complexation with 18-crown-6-ether
(lower panel). Increased interaction between the charge and chromophore in the folded
structure of protonated Gly-Try (right side) redshifts the 210-nm absorption. Crow-ether
complexation unfolds the structure and similar absorption is found for the two crown-ether
tagged dipeptides. Calculated absorption spectra (middle panel) of protonated Gly-Trp
(upper) and Trp-Gly (lower) are in agreement with the experimental results. Further details
in Article VI ([70]).

1The discrepancy between the spectra at lower energy (270 nm) is a result of an artifact of the
experiment, see discussion in reference [70]
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Crown ether complexation of several amino acids and dipeptides clearly illus-
trate how the decoupling alters the lifetime, dissociation pathways and in some
cases shifts the absorption, see Articles VII, VIII and IX ([71, 72, 73]).

From the above it is evident that the presence of a proton close to the indole
ring in tryptophan affects the optical properties of the chromophore, but what about
a nearby negative charge. Recently, the group of P. Dugourd [74] studied depro-
tonated tryptophan where a proton is removed from the carboxyl group (-COOH).
Figure 6.5 shows the electron photodetachment spectrum of deprotonated tryp-
tophan (open circles) together with the photodissociation spectrum of protonated
tryptophan (dashed line). The anion spectrum is redshifted by 25 nm compared to
the cation spectrum, and so the 210-nm band is shifted into the spectral window of
the experiment. Based on theoretical calculations, they found that the nature of the
lowest energy transition in deprotonated tryptophan is a ππ∗ transition similar to
the one found for neutral and protonated tryptophan, see right part of Figure 6.5.
That is, the negative charge does not lead to a structural change or a different type
of transition. Hence, the shift in the absorption is a direct effect of the remote neg-
ative charge, that destabilizes the ground state to a larger extend than the excited
state. Furthermore, they showed from theory that the absorption of deprotonated
tryptophan is tautomer-dependent (from 281 nm and 300 nm) in contrast to the
tautomer-independent absorption of protonated tryptophan [17].

Deprotonated
tryptophan

Neutral 
tryptophan

Lowest energy transition (π π*)

Figure 6.5. Gas phase photodetachment spectrum of deprotonated tryptophan (open cir-
cles), and gas phase photodissociation spectrum of protonated tryptophan (dashed line).
The nearby negative charge in deprotonated tryptophan results in a 25-nm redshift in the
absorption compared to that for the protonated or neutral tryptophan. In both cases the
main transition is a similar π π∗ transition (right side). Adapted from reference [74].
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The succeeding examples demonstrate how attachment of spectator charges
is another method to probe the effect of nearby charges on a chromophore. A
spectator charge is a group that does not directly influence the chromophore, but
it contains, for instance, a protonation site and thus provides a nearby positive
charge. Insertion of different spacers between the charge and the chromophore
probes the effect of a nearby charge in a controlled manner by variation of the
distance from the chromophore to the charge. In the far-distance limit, the spectator
charge does not affect the chromophore and properties of the neutral chromophore
can be explored by conventional ion based instruments.

An example on neutral molecule investigations by employment of spectator
charges is found in the work by L. H. Andersen and co-workers [75]. They attached
a spectator charge to a retinal model chromophore with the aim to investigate the
optical properties of the neutral retinal chromophore. The model chromophore is
similar to the conformational sensitive chromophore presented earlier except for
an extra CH3 group at the ring. Absorption by the protonated model chromophore
(1+) was compared to that by the model chromophore with N(CH3)+3 (3+) and
(CH2)2N(CH3)+3 (4+) attached instead of the (CH2)3CH3 tail, see Figure 6.6. A
significant redshift is found in the absorption as the nearby charge approaches the
chromophore, i.e. in the order from 4+ to 3+ to 1+, and the explanation is straight
forward: Upon excitation charge is transfered from the ring to the nitrogen, and
the presence of a nearby positive charge at the base-end stabilizes the excited state
and hence redshifts the absorption. The neutral retinal absorbs at 364 nm in solu-
tion, see 2 in lower panel, and as expected the gas phase absorption by the cations
approaches this value as the charge is moved away from the chromophore.

In a similar manner, they attached spectator charges to the green fluorescent
protein (GFP) model chromophore. They first used NH+

3 as spectator-charge group
but found that caution must be taken in the use of spectator charges as hydrogen
bonds form between the ammonium group and the chromophore [76]. To further
elucidate the effect of this hydrogen bond, they extended their study to include six
different model chromophores, see Figure 6.7 [8]. Structure A and B have strong
hydrogen bonds from the spectator charge to the carbonyl oxygen (indicated by
red dotted lines), weaker hydrogen bonds are found for structure C and D whereas
no hydrogen bonds are present in E and F. The distance from the charge to the
chromophore is longest for structure B, D and F. Gas phase action spectroscopy re-
vealed similar spectra for structure C-F whereas the absorption by structure A and
B is shifted towards the red. Hence, hydrogen bonds do influence the chromophore
as charge density is transferred from the spectator charge to the chromophore, i.e.
different tautomers. As presented in Figure 6.8, important resonance structures of
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NH+

N
NMe3+

N
NMe3+

1+

3+

4+

Figure 6.6. Action spectra (upper panel) of the protonated retinal chromophore (1+) and
the neutral chromophore with nearby spectator charges, 3+ and 4+. Increased distance
from the charge to the chromophore, from 3+ to 4+, blueshifts the absorption. At large
distance the absorption approaches that of the neutral chromophore in solution (2 in lower
panel). Adapted from reference [75].

the hydrogen bonding chromophores can be drawn, and the charge delocalization
is in agreement with the redshift in the absorption. On the contrary, the distance
from the chromophore to the charge, which was found to be important for the reti-
nal chromophore above, does not influence the absorption, evident from the similar
absorption of the four weak or non-hydrogen bonding structures.

A final example of the use of spectator charges is an investigation of oligophe-
noleneethynylenes (OPE), the molecule treated under the inductive effect, with
one and two nearby charges, Article X ([77]). A (CH2)2NH+

3 group was attached
to one or both ends of the chromophore and the gas phase action spectra of the
monocation (middle panel) and dication (lower panel) were measured, see Figure
6.9. The solution phase spectrum of the neutral bare chromophore is shown in the
upper panel. While the spectrum of the dication resembles that of the neutral chro-
mophore in solution, a clear redshift in the absorption is found for the monocation.
A simple picture based on the potential of the photoactive electron in the two chro-
mophores can be used to explain the shift, see sketch in the bottom of Figure 6.9.
As for the retinal chromophore, a single nearby charge stabilizes the excited state
as the electron moves closer to the positive charge upon excitation. But for the
dication this stabilization is compensated for by a destabilization as the electron
moves away from the other positive charge. Thus it seems as the important param-
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eter here is the charge distribution - symmetric versus asymmetric - rather than the
actual charge state.

Figure 6.7. Action spectra of six green fluorescent protein model chromophores to study
the effect of hydrogen bonds (A and B) as well as the distance from the chromophore to the
nearby charge C-F. A clear effect is found for the hydrogen bonds, cf. Figure 6.8, apparent
from the redshift of the absorption for A and B, whereas the distance to the nearby charge
does not affect the absorption of the chromophore. From reference [8].
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Figure 6.8. Structure of the two tautomers of the green fluorescent protein model chro-
mophore A, cf. Figure 6.7, with corresponding resonance structures. As the spectator
group forms hydrogen bonds to the chromophore, charge is partly or completely trans-
ferred to the chromophore. Resonance structures for the charged chromophore cause a
redshift in the absorption compared to the non-hydrogenbonded model chromophores, cf.
Figure 6.7.
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Figure 6.9. Action spectra of oligophenyleneethynylene (OPE) with one (middle) and
two (lower) nearby positive charges. The upper panel shows the absorption spectrum of
the neutral bare chromophore in acetonitrile. Similar absorption is found for symmetric
charge distribution (neutral and dication) and a redshifted absorption for the asymmetric
charge distribution. Stabilization as the photo-active electron moves closer to the single
positive charge causes the redshift. Potential of an electron for the mono- and dication is
drawn in the lower right graph. The energy difference at the outer placed carbon is similar
to the observed shift in absorption. Further details in Article X ([77]).
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CHAPTER 7

Metal-ion Complexes

Turning towards larger molecular ions, metal-ion complexes is an important and
interesting class, and these complexes are found widely in nature. One biologi-
cal important example is Heme, responsible for dioxygen storage and transport in
human blood and cells. Consequently, the photophysics of such complexes is in-
teresting from a biological point of view, but the complexes are also interesting in
their own right.

The absorption profile of such complexes contains bands assigned to different
types of transitions being charge transfer between the metal and ligands, ligand
centered transitions, and metal centered transitions. Hence, a replacement of the
metal or ligands (the chromophore part of the complex) may affect the absorption
of the complex. Furthermore, for symmetrical metal-ion complexes a comparison
of the absorption in the gas phase and in solution enables a determination of the
charge distribution in the excited state in solution.
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One metal-ion complex investigated in our laboratory is
tris(2,2´-bipyridine)ruthenium(II) dication (Ru(Bipy)2+3 ), Article XI ([78]). The
gas phase action spectrum is shown in Figure 7.1 (upper part). Each band in
the spectrum is assigned to the involved type of transition, that is, metal-to-ligand
(MLCT) ligand-to-metal (LMCT), metal centered (dd) and ligand centered (ππ*)
transitions. The solution phase (acetonitrile) absorption spectrum is presented in
the lower panel of Figure 7.1 and similar absorption is found apart from a 22-nm
redshift of the 430-nm MLCT band in solution. In the MLCT transition charge
is transferred from the metal to the ligand, and the measured shift reveals that
in solution the charge is localized on a single ligand after excitation rather that
delocalized over all three ligands, i.e. (Ru(III)(Bipy)2)3+(Bipy)− compared to
Ru(Bipy)2+3 . Polar solvent molecules will interact with a localized charge, sta-
bilize the excited state and redshift the absorption in solution phase compared to
gas phase (see sketch in right part of Figure 7.1). For a delocalized charge no or
a very small shift is expected for the charge transfer transition upon solvation as
the dipole moment (p) is zero for the symmetric charge distribution. Hence, in the
case of Ru(Bipy)2+3 the comparison between gas phase and solution phase mea-
surements indicates a non-zero dipole moment for the excited state of Ru(Bipy)2+3
in solution due to a localized charge transfer.
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Figure 7.1. Action spectrum (upper panel) and acetonitrile solution phase absorption
spectrum (lower panel) of tris(2,2´-bipyridine)ruthenium(II) dication (Ru(Bipy)2+3 ). Each
band is assigned to the type of transition involved. The redshift of the metal-to-ligand-
charge-transfer (MLCT) 430-nm band in solution is a consequence of a localized charge
in the excited state as illustrated by the sketch. Further details in Article XI ([78]).

The group of L. A. Posey [79, 80, 20] studied similar coordination complexes
and how microsolvation affects the MLCT band. For instance, for
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[Fe(bpy)3•(CH3OH)n]2+, n=2-6, each solvent molecule shifts the onset of the
band to lower energies, gradually towards the solution phase spectrum (solid line),
see Figure 7.2. A high dissociation energy for the bare complex necessitates
loosely bound solvent molecules to measure the photodepletion spectrum. In a
controlled manner, i.e. by sequential solvent molecule attachment, they measured
the effect of solvation and obtained an upper limit for the absorption of the bare
complex. In this sense, their study is in the intermediate of the above gas phase and
solution phase experiments.

Figure 7.2. Photodepletion spectra for [Fe(bpy)3•(CH3OH)n]2+, n=2-6. As more sol-
vent molecules are added to the complex the onset of the MLCT band shifts to the red and
thereby approaches the solution phase spectrum (solid line). The spectra indicate electron
localization in the solution phase excited state. From reference [20].

Another example of symmetric metal-ion complexes is the tetrathiocyanoplati-
nate(II) dianion (Pt(SCN)2−4 ), Article XII ([81]). Figure 7.3 shows the gas phase
action spectrum of Pt(SCN)2−4 (symbols) and the solution phase spectrum mea-
sured in methanol (solid line). The main dissociation channel here is electron de-
tachment. In contrast to Ru(Bipy)2+3 , solvation has no effect on the onset of the
absorption, and hence the photoactive electron is delocalized over all ligands in the
excited state, i.e. zero dipole moment in the solution phase excited state.

Comparison of the above gas phase action spectrum of Pt(SCN)2−4 with the
work by Weber and Kappes [82] on Pt(Br)2−4 brings insight into how ligands shield
the metal center from solvent molecules. The solvent-insensitivity on the absorp-
tion for the Pt-SCN complex presented above is not found with Br as ligand. Not
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Figure 7.3. Gas phase action spectrum (symbol) and solution phase absorption spectrum
(solid line) of tetrathiocyanoplatinate(II) dianion (Pt(SCN)2−4 ). A delocalized charge in
the solution phase excited state is evident from the similarity of the two spectra. Further
details in Article XII ([81]).

surprisingly, the larger ligands (SCN−) shield the metal center more effectively
than the smaller ligands (Br−).

To complete the picture, a similar solvent impact is found for Ir(Br)2−6 in work
by Marcum and Weber [83]. But as the transitions are attributed to LMCT the
solvent molecules stabilize the ground state instead of the excited state and hence
blueshift the absorption.

Work by P. Dugourd et al. [84, 85] elucidates how different metals (M) affect
the charge transfer transitions for [TrpM]+ complexes. In these complexes the
metal atom interacts with the carbon atoms of the indole ring, and the lowest energy
excitation is a charge transfer from the indole chromophore to the metal atom found
to the red of the ππ* transition in bare Trp at 260 nm. Experimentally they have
measured photodissociation mass spectra of the silver and gold complexes and
find absorption at 332 nm and 400 nm, respectively. Theoretical calculations of
the HOMO-LUMO gaps were performed for several metal complexes. The shift
into the (near)-visible region facilitates the complexes as efficient protein labeling
agents. They further show that complexation of peptides with small silver clusters
([Ag]n,n=3-9) enhances the absorption and provides conformational control [86,
87].

The effect of replacing the metal in phthalocyanines was examined by Kappes
et al. [25]. Photodepletion spectra of XPc(SO3)−4

4 with X = Cu, Ni or H2 were
measured in the spectral region from 570 nm - 695 nm. Similar spectra were found
for the two metal coordinated complexes whereas the free base (X = H2) stood
out. Hence, in this case the metal orbitals do not influence the absorption as the
transition are ligand centered. The primary difference for the free base is an ex-
tra absorption band in consequence of a splitting of the energy levels since the
symmetry of the complex is broken.
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Related compounds are porphyrin complexes, and for a large part of metallo-
porphyrins, so-called regular porphyrins, the metal orbitals are also known to have
low impact on the absorption, which again is ligand centered [88]. This is also the
case for zinc porphyrin examined in out laboratory [89]. Figure 7.4 shows the gas
phase action spectra of the bare protoporphyrin-IX (PP) anion (upper panel) and
the zinc complex ZnPP− (lower panel). Like for phthalocyanine, the asymmetry
of PP splits the energy levels. On top of this, it seems as the metal complexation
here leads to a small redshift of the spectrum. Interestingly, a MLCT transitions is
apparent in the weak band at 660 nm.

MLCT

PP-

ZnPP-

Figure 7.4. Gas phase action spectra of anionic protoporphyrin-IX, PP−, (upper panel)
and the metallo-complex ZnPP− (lower panel). The asymmetry of the bare PP splits the
energy levels with an extra band in the visible region in consequence. Upon complexa-
tion a weak MLCT transition arises at low energy. The vertical line is to distinguish two
absorption regions with different absorption intensity. The two spectra presented at low
energy for PP− is from absorption of one (open circles, blue curve) and two (open circles,
red line) photons, respectively. Adapted from reference [89].

Experiments on another porphyrin, iron-protoporphyrin-IX complex (Heme),
investigated the effect of the protein environment by complementary ligation. In
the protein the complex binds to the amino acid Histidine, Article XIII ([90]) [91].
Histidine binds to the iron center and slightly pulls out the metal from the complex
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plane, see Figure 7.5. The gas phase action spectra of Heme+ and Heme-His+

are presented in the left and middle part of the figure. The sharp peak at 350 nm
in the Heme-His+ spectrum is believed to be an artifact caused by the laser, and
hence, no large effect of ligation is found. The broadening of the high energy band
is ascribed to the aforementioned displacement of the metal caused by histidine. A
metal-to-ligand charge transfer transition is found at low energy.
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Figure 7.5. Action spectra of Heme (upper panel and hollow circles) and Heme in com-
plexation with Histidine (lower panel and filled circles). The main effect of complexation
is a broadening of the high energy band due to a small displacement of the metal from the
complex-plane (right lower side). Further details in Article XIII ([90]). The low energy
spectrum is adapted from reference [91]. More details on the molecular ion in Article XIV
([92]).
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CHAPTER 8

Summary and outlook

By now, I have hopefully convinced you that gas phase spectroscopy is a strong
characterization tool in the aim to understand molecular ions and their photo-
physics. In this thesis I have considered intermediate sized even electron ions
studied by UV-VIS spectroscopy and investigated how the optical properties of
the chromophores are affected by small modifications or perturbations. In the first
part, I considered modifications of the isolated chromophore, that is, how the op-
tical properties are determined by the structure, conformation, electronic struc-
ture, and type of transition. In the second part, external perturbations to the chro-
mophore from the remaining molecule, such as nearby charges, complexation, and
substituents, were considered.

The crucial parameter for the optical properties of the chromophore is electron
delocalization - the more delocalized electrons the smaller excitation energy. The
concept of resonance structures is a valuable tool to visualize the electron delo-
calization. From this foundation, it is possible to understand the different optical
properties of, for instance, isomers, tautomers, and conformers. Also the type of
transition is obviously necessary to consider, and generally one finds a lower tran-
sition energy if charge is transferred upon excitation (charge transfer transitions).

As the chromophore is a part of a larger molecule the spectral properties are
tuned. First, substituents induce a small charge on the chromophore and thereby
alter the electron delocalization. However, this inductive effect is vague. A more
significant perturbation is from nearby charges where the charge interacts with
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the photoactive electron on the chromophore and thereby alter the delocalization.
Finally, metals (i.e. in metal-ion complexes) may or may not affect the optical
properties of the chromophore.

The examples presented in this thesis cover a broad range of perspectives. In-
vestigation of the green fluorescent protein chromophore results in an identifica-
tion of an isolated anionic form of the chromophore in the protein. Furthermore,
individual perturbations from an environment are studied. The chromophore is un-
affected by a nearby positive charge whereas hydrogen bonds influence the chro-
mophore. A gradual buildup of the protein environment is demonstrated in the
case of Heme complex where ligation with the histidine amino acid only slightly
modifies the action spectrum.

It is also illustrated how molecules with desired properties can be designed.
One example is nitrophenolates, where the absorption shifts through the whole
visible region as the distance between the donor and acceptor group is increased.
Another example is the tryptophan-metal complexes, where charge transfer tran-
sitions from the metal to the chromophore are found in the (near)-visible region.
Thus, these complexes may serve as efficient protein labeling agents.

Turning towards future perspectives they can be divided into two parts - instru-
mental and scientific. Scientific perspectives concerns new perturbations or type
of molecular ions to investigate in the future. Regarding the perturbations treated
here, the least understood is the inductive effect caused by substituents. Hence, a
thorough understanding of this smaller effect necessitates further experiments. As
for new types of molecular ions, one objective is to move towards supramolecular
complexes. For complexes with several clearly separated chromophores interac-
tions between the chromophores may occur. Preliminary studies of such com-
plexes is done on DNA strands where the excited state is found to involve at least
two chromophores, further details in Article XV ([93]).

As for the instrumental developments, only a few spectroscopy experiments has
been carried out at the SEP1 facility so far. Thus, plenty of interesting experiments
on molecular ions with a short dissociation time (few µs) are waiting. Furthermore,
the configuration has recently been changed from a crossed beam to a merged beam
configuration which increases the number of ions the laser interacts with. Hence,
molecular ions with lower absorption cross section can be studied with this new
configuration.

Another type of experiments, which would be interesting to continue, are the
pump probe experiments at ELISA. Pump-probe experiments on the microsecond
to millisecond timescale are possible at the storage ring facility. This was demon-
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strated by a measure of the triplet-triplet absorption spectrum of protoporphyrin
anions, further details in Article XVI ([94]).

In a long-term perspective, plans exist to build an FT-ICR instrument in the
laboratory. One advantages is the possibility to cool the ions and thereby measure
highly resolved spectra. Along this direction, it is interesting to follow the DE-
SIREE project in Stockholm, Sweden, where a cryo-cooled double electrostatic
ion storage ring is under construction [95]. Another aim with the FT-ICR is to do
fluorescence experiments. Gas phase fluorescent experiments are so far only car-
ried out in a few laboratories; Parks [33], Jouckusch [35] and Zenobi [34]. It is a
nice characterization tool in complement to absorption spectroscopy. Also, in our
action spectroscopy we assume that the fluorescent yield - if any - does not depend
on the wavelength, and with a measure of fluorescence we would be able to test
this for the different ions.

Personally, my fascination lies with the small molecular ions where the effect
of small alterations can be studied in a controlled manner and the basic physic is
more visible and less complex. It is impressive that much of the physics can be
understood on the basis of simple electrostatics. One important lesson from my
studies so far is that gas phase experiments go hand-in-hand with solution phase
experiments and theory to unveil the full story. I believe that plenty of physics is to
be learned from a structured study of small molecular ions.
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APPENDIX A

Instrumental and experimental
description

The experiments performed during my Ph.D. were carried out using two instru-
mental setups in Aarhus. SEP1 is a single pass tandem mass spectrometer, and
ELISA is a storage ring facility, but similar ion source and laser system is used in
both setups [96]. This appendix gives a general description of the two setups, the
possible experiments and the concomitant analysis.

The two facilities complement each other with respect to the time scales of the
processes studied, and both instruments provide action spectra and photodissocia-
tion mass spectra. On top of this, lifetime information is obtained from experiments
at ELISA. Most of the results presented in this thesis are from action spectroscopy
at ELISA, thus more details are given on this experimental method. It should also
be mentioned that the instruments are used for other types of experiments, such as
high energy collision experiments [97], electron capture experiments [98, 99] and
cluster evaporation experiments [100], which are not presented here.
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Electrospray ion source

Ions are produced by electrospray ionization, a soft ionization technique well suited
to bring large fragile molecular ions intact into the gas phase [4, 101].1 A sketch
of the ion source setup is shown in Figure A.1. The electrospray produces highly
charged droplets that contain analyte and solvent. The latter is boiled of as the
droplets move to the capillary entrance and pass through the heated capillary, leav-
ing the ions on the gas phase. Ion optics guide and focus the ions through chambers
with differential pumping. Accumulation in a multi-pole ion trap [103, 104] fol-
lowed by buffer gas cooling with He-gas for 0.1 ms, bunches the ions. Finally,
the ion bunch enters the acceleration tube, where the pressure is 10−6 mbar, and
the ions are accelerated to 22 keV and 50 keV kinetic energy per charge in ELISA
and SEP1, respectively. After acceleration, the ions with the mass-to-charge ratio
of interest are selected by a bending magnet and enter the ring and beam line, re-
spectively. The ion current after the magnet is typically in the order of pA. The
technique works for both cations, anions and multiple charged ions.

1 mbar 10-3 mbar 10-5 mbar

Rotary
pump

Turbo
pump

Turbo
pump

ESI needle
4kV

Fused silica
capillary

10-6 mbar

Heated
capillary

Tube lens
Skimmer

Octopole
Lenses

Acceleration tube

22-pole Ion trap

Figure A.1. Electrospray ion source used in the two setups. A mulitipole ion trap is used
to bunch the ions prior to acceleration.

EKSPLA laser system

The laser used for photo excitation in both setups is a tunable laser from EKSPLA.
It is a Nd:YAG laser where the third harmonic (355 nm) pumps an optical para-
metric oscillator (OPO). The visible output from this OPO is frequency doubled in
a crystal providing UV light. Tuning between 210 nm and 2300 nm is possible,
the pulse length is nanoseconds and the energy is in the order of 1 mJ per pulse

1Note that a Nielson plasma ion source was used for the C60 experiments included in this thesis
but electrospray ionization is also possible [102].
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depending on the wavelength. In the storage ring the laser beam is merged with the
ion beam whereas the single pass setup at SEP1 is a crossed beam experiment.

Electrostatic Ion Storage Ring in Aarhus (ELISA)

The ring structure of ELISA consists of two cylindrical 160 degree deflectors, four
10 degree parallel-plate deflectors and electrostatic quadropole elements, see Fig-
ure A.2 [105]. One advantage of only using electrostatic components to store the
ions is that the ions are stored due to their kinetic-energy-to-charge ratio, i.e. inde-
pendent of mass. This makes operation easier as the ring parameters are kept fixed
and only the ion source parameters and the mass-to-charge selection by the magnet
is varied going from one ion to another. The circumference of the ring is 8.3 m
which gives revolution times in the order of 50-100 µs. The ions are injected into
the ring through a differentially pumped beam line leaving the pressure in the ring
around 10−11 mbar which gives ion storage times of seconds.

1 m MCP detector

Laser

Accelerator with
electrospray ion source

Magnet

Power meter Ion bunch Laser pulse

Figure A.2. ELISA setup used for lifetime experiments, action spectroscopy, and pho-
todissociation mass spectroscopy. The electrostatic storage ring is combined with an elec-
trospray ion source and a tunable pulsed laser system.

A micro-channel-plate (mcp) detector is located at one side of the ring and
whenever neutrals are formed within that branch they are unaffected by the electric
fields and hit the detector. We monitor the number of neutrals hitting the detector
as a function of time to probe what happens to the ions as they circulate the ring.
The photoexcitation occur on the opposite side of the ring compared to the mcp de-
tector, hence, the experiments are delayed dissociation experiments where neutrals
formed after half a revolution and onwards are sampled.2 The repetition rate of the
experiment is normally 10 Hz.

2Other detectors are positioned at the laser site of the ring used for detection of singly charged
fragments from double charged ions and for detection of neutral fragments, but I have not used them
for my experiments.



54 CHAPTER A - INSTRUMENTAL AND EXPERIMENTAL DESCRIPTION

A typical spectrum with photoexcitation is shown in Figure A.3. The high yield
of neutrals immediately after injection is due to metastable ions that have been
excited during extraction from the ion trap or during injection into the ring. After
a few milliseconds, the signal is dominated by collisional decay in the ring, seen
as the approximately constant level reached. Photoexcitation takes place after 45.3
ms, and a clear increase in the neutral-formation due to photoinduced dissociation
is seen. The inset shows a zoom around the time for photoexcitation and clearly
illustrates the revolution time of the ions.
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Figure A.3. Typical spectrum obtained at ELISA. We monitor the number of neutrals
hitting the detector as a function of time. In the first millisecond dissociation is dominated
by metastable ions until a constant level due to collision induced dissociation is reached.
Photoexcitation after 43.5 ms causes an increase in neutral formation due to photodissoci-
ation. The inset shows a zoom around photoexcitation and clearly illustrates the revolution
time of the ion bunch.

ELISA is a state-of-the-art instrument and an extremely strong tool for gas
phase spectroscopy experiments. The timescales for the sampled dissociation span
from tens of µs to hundreds of ms and three important informations are obtained
from the experiments as described in the following. Similar electrostatic ion stor-
age rings exist in Japan at KEK in Tsukuba [106] and the TMU ring in Tokyo
[107, 108]. Recently, experiments are started at the Mini-Ring developed in Lyon,
a transportable tabletop storage ring [109, 110]. Further rings are under construc-
tion; FLSR in Frankfurt [111], CSR in Heidelberg [112] and DESIREE in Stock-
holm [95]. The latter is a double ring construction for merged beam experiments.
For the TMU, Mini-ring, CSR and DESIREE cooling of the ions to very cold tem-
peratures is or will be possible.
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Lifetime measurements

To obtain lifetime information the total number of neutrals that hits the detector
per revolution is summed and plotted as a function of time after photoexcitation.
A typical time spectrum and the corresponding lifetime is shown in Figure A.4. In
an ideal picture the ions are excited to a well-defined internal energy upon photon
absorption leading to a single exponential decay rate, but in reality the situation is
more complex. One complication is the width of the internal energy distribution
of the ion bunch from the room-temperature ion source which results in a tail to
the exponential. This can be accounted for by an Arrhenius type analysis [113,
114, 115]. Another possibility is capture of the electron into a spin-forbidden state
which results in a slower decay rate back to the ground state [114, 92]. Dissociation
can also happen from the excited state, i.e. non-statistical dissociation, with time-
constants much faster than statistical dissociation [116]. Finally, dissociation can
happen after absorption of several photons which is tested for by a measure of the
neutral yield as a function of laser energy [58, 91]. Several papers such as the
above mentioned treat these topics and I will not go into further details here.
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Figure A.4. Total number of neutrals hitting the detector per revolution as a function of
time after photoexcitation. Three exponentials is used to fit the data points; two exponen-
tials describe the photoinduced dissociation (PID) whereas the long time component is due
to collision induced dissociation (CID).

Action spectroscopy

The ion beam density in ELISA is too low to cause a detectable decrease in the
photon intensity from absorption, as is measured in conventional absorption spec-
troscopy. Instead we use action spectroscopy where we measure the photo induced
dissociation as a function of wavelength - high absorption results in high produc-
tion of neutrals. A drawback of this indirect technique is that we are blind to non-
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dissociative absorption such as light emission. Absorption cross-sections (relative,
not absolute numbers) are obtained from the time spectra as the number of neutrals
formed after photoexcitation divided by the ion beam intensity and the number of
photons. In a simple picture, see Figure A.5, we take the photoyield signal (counts
in the blue region), substract the background signal (counts in the red region) and
divide by the number of photons and the background signal. The latter is to correct
for fluctuations in the ion beam intensity.
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Figure A.5. Simplified principle of calculating the absorption cross sections. Relative
cross sections are obtained as the number of counts in Photo yield minus counts in Back-
ground, divided by the number of photons and the ion beam intensity, i.e. the Background
level.

In reality a more refined analysis based on exponential fitting to the data points
is used, as illustrated in Figure A.6. Instead of summing the number of count in the
photoyield region, we use the area under the fitted curve to give the (relative) num-
ber of photoexcited ions. The advantage lies in a correction for lifetime effects.
Since the detector is located on the opposite side of the ring compared to excita-
tion, the experiment is a delayed dissociation experiment, i.e., we sample neutrals
formed after half a revolution and after successive revolutions. By summing the
number of neutrals hitting the detector we leave out the very fast decay, and if this
time component is wavelength dependent we introduce a fault in the action spec-
trum. From the lifetime-fit we can extrapolate back to time zero, defined as the
time where the laser is fired, and hence lifetime effects are accounted for. We are
still blind to very fast processes but this time-region is covered by the other setup
as described later. The strength of using a storage ring facility for action spec-
troscopy lies in the long sampling time, and thus we circumvent problems due to
kinetic shifts.
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Figure A.6. Principle of calculating the absorption cross-sections based on lifetime fit.
The relative number of photoexcited ions is obtained as the area under the fitted curve. This
method include dissociation within the first half revolution as it is possible to extrapolate
back to times zero where the laser is fired.

Daughter ion mass spectroscopy

Implementation of fast pulsed power supplies for all the ring elements provided
the possibility to do time resolved daughter ion mass spectroscopy, Article XVI
([99]). The time scheme is shown in Figure A.7. After photoexcitation the voltage
on the ring elements is switched from storage of parent ions to storage of daughter
ions and after a couple of revolutions the ions are dumped onto the detector. The
response time for the switches is microseconds, and the dumping is done by setting
the 10 degree deflector in front of the detector to zero. A fragment mass spectrum
is obtained by monitoring the daughter ion signal as a function of the ring voltages.
In addition, it is possible to study the competition between dissociation channels as
a function of time by changing the time (t1) between excitation and switching. The
timescales span from microseconds to milliseconds, a region not easily covered
with other instruments. It should be noted, that the mass resolution of the spectra
is rather poor due to the energy acceptance of the ring, hence some pre-knowledge
of dissociation channels is needed.

Seperator1 (SEP1)

Seperator1 (SEP1) is a tandem mass spectrometer, i.e. a single pass experiment,
where the ion identification is done by an electrostatic analyzer (ESA) that guides
the ions with the kinetic-energy-to-charge ratio of interest to a channeltron detector.
A sketch of the instrument is shown in Figure A.8. The pulsed tunable EKSPLA
laser is combined with the setup in a crossed beam configuration and allows for
photodissociation mass spectroscopy and action spectroscopy on the microsecond
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Figure A.7. Time scheme for time resolved daughter ion mass spectroscopy. All ring
element voltages are scaled to store some fragment ion which is subsequently dumped on
the detector. A record of the detector signal through a continuous scan of the voltages
provides the mass spectrum. Further details in Article B-XVI ([99])
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Figure A.8. Sketch of the SEP1 setup. The tandem mass spectrometer is combined with
an electrospray ion source. A multipole ion trap and a pulsed laser was implemented to
enable photodissociation mass spectroscopy and action spectroscopy.

timescale [77]. The distance from the interaction region to the entrance of the ESA
is 60 cm which gives a flight time of a couple of µs. Hence, we sample photofrag-
ments formed within this time, nicely complementing the ELISA experiments.

A typical time spectrum of the number of ions, with a certain kinetic-energy-
to-charge ratio, that hit the detector as a function of time is shown in Figure A.9.
The width of the ion bunch is 25 µs, and a peak from photoinduced dissociation is
clearly seen in the spectrum.
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Figure A.9. SEP1 Time spectrum where we monitor the number of ions, with a specific
kinetic-energy-to-charge-ratio, hitting the detector as a function of time. An increase in
the fragment ion formation due to photoexcitation is clearly seen. The background signal
from collision induced dissociation serves as a measure of the ion beam intensity.

Daughter ion mass spectroscopy

A photodissociation mass spectrum is obtained by scanning the ESA-voltage and
monitor the number of ions that hits the detector as a function of the voltage, i.e. the
kinetic-energy-to-charge ratio. To increase the signal-to-noise ratio we only sample
the ions that arrive at the correct time, as indicated by the timing gate in Figure
A.9. A spectrum without laser excitation is measured to take the contribution from
collision-induced-dissociation into account. Compared to ELISA, a much higher
mass-resolution is obtained by this setup.

Action spectroscopy

Absorption cross-sections (relative, not absolute numbers) are obtained from the
time spectra as the number of fragment ions formed after photoexcitation divided
by the ion beam intensity and the number of photons. One type of fragment-ion is
guided to the detector, and time spectra are measured for different wavelength. The
photo signal gives the number of photo induced fragment ions, and the background
level gives the ion beam intensity. Such a spectrum is obtained for each photo-
fragment channel in play in contrast to the ELISA experiment where all fragment
channels are measured simultaneously.
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We present a detailed study of the electronic structure and the stability of C60 dianions in the gas
phase. Monoanions were extracted from a plasma source and converted to dianions by electron
transfer in a Na vapor cell. The dianions were then stored in an electrostatic ring, and their
near-infrared absorption spectrum was measured by observation of laser induced electron
detachment. From the time dependence of the detachment after photon absorption, we conclude that
the reaction has contributions from both direct electron tunneling to the continuum and vibrationally
assisted tunneling after internal conversion. This implies that the height of the Coulomb barrier
confining the attached electrons is at least �1.5 eV. For C60

2− ions in solution electron spin resonance
measurements have indicated a singlet ground state, and from the similarity of the absorption
spectra we conclude that also the ground state of isolated C60

2− ions is singlet. The observed spectrum
corresponds to an electronic transition from a t1u lowest unoccupied molecular orbital �LUMO� of
C60 to the t1g LUMO+1 level. The electronic levels of the dianion are split due to Jahn–Teller
coupling to quadrupole deformations of the molecule, and a main absorption band at 10723 cm−1

corresponds to a transition between the Jahn–Teller ground states. Also transitions from
pseudorotational states with 200 cm−1 and �probably� 420 cm−1 excitation are observed. We argue
that a very broad absorption band from about 11 500 cm−1 to 13 500 cm−1 consists of transitions
to so-called cone states, which are Jahn–Teller states on a higher potential-energy surface, stabilized
by a pseudorotational angular momentum barrier. A previously observed, high-lying absorption
band for C60

− may also be a transition to a cone state. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3149775�

I. INTRODUCTION

Fullerene anions are of broad interest, e.g., in high-Tc

superconductivity1,2 and molecular electronics.3,4 In the dian-
ions, the second electron is confined by a Coulomb barrier,5

and fullerenes are ideal for studies of the dependence of the
stability on the size of the dianion.6 The dominant decay
mode is electron tunneling through the Coulomb barrier,
analogous to nuclear alpha decay, and the lifetime can be
long even for negative binding.

Information on the level structure can be obtained from
optical spectroscopy, and C60

2− is of special interest because of
the competition between Coulomb repulsion between the two
electrons and Jahn–Teller �JT� coupling to quadrupole distor-
tions of the highly symmetric C60 cage �icosahedral
symmetry�.7–9 The interest in this problem has been stimu-
lated by the discovery of superconductivity in alkali ful-

lerides at relatively high temperatures.1 The electron pairing
leading to superconductivity is believed to originate in the JT
coupling.2,10,11

In accordance with Hund’s rules, the Coulomb energy is
lowest in the triplet states, but the JT effect is strongest in the
singlet state. Measurements on dianions in frozen solution
indicate a singlet ground state with a close-lying triplet
level,12,13 but the delicate balance between Coulomb repul-
sion and JT coupling could be influenced by interactions
with the matrix. Gas-phase measurements are needed as a
benchmark for theory.

Owing to the weak binding of the second electron it is
difficult to produce long lived dianions of C60, but we have
developed a method for production of intense beams of C60

−

ions and cold electron attachment to the monoanions in a Na
vapor cell.14 Subsequent storage in an electrostatic ring has
allowed detailed studies of the stability of C60

2− ions.15 We
concluded that the dianions are metastable in the ground
state, with a lifetime of about 20 s �at T=0 K� and an energy
of about 0.2 eV above that of the monoanion plus a free
electron. Results of near-infrared laser spectroscopy on
stored dianions are presented here.

a�Present address: Department of Physics, Indian Institute of Technology,
Madras, Chennai 600036, India.

b�Electronic mail: jua@phys.au.dk.
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II. EXPERIMENTAL DETAILS

The experiments were carried out at the electrostatic
storage ring ELISA illustrated in Fig. 1.16,17 Previously,15 we
used an electrospray source to produce a beam of C60

− ions,
but the electrospray is very unstable for fullerene anions. We
have therefore constructed a new source based on a plasma
source capable of delivering stable nanoampere currents of
fullerene anions.18,19 Hot C60

− ions were extracted from the
plasma source and focused by an Einzel lens into a 14-pole
linear ion trap with a He trapping gas, which could be cooled
to a temperature below 100 K by liquid nitrogen in a con-
tainer around the trap. The ions were accumulated and stored
for 0.1 s and then ejected as a 20–50 �s long bunch. After
acceleration to 22 keV and mass selection with a magnet, the
ions passed through a cell containing Na vapor, where dian-
ions were formed by electron transfer. These ions were then
stored in the ring with revolution time 108.15 �s.

For C60 anions in solution or in a solid matrix there are
often several charge states present, and it can be difficult to
separate their contributions to the absorption. Below we dis-
cuss a case where a feature of absorption in the dianion has
been ascribed to the monoanion. In our experiment, the ring
voltages select a single charge state but the beam could con-
tain dianions of C60 isomers. Such a contamination was ob-
served in Ref. 15 as a very small stable component. It is very
likely that it consisted of ions with lower symmetry of the
C60 cage structure �with pairs of adjacent pentagons�. As
shown in Ref. 20, such molecules have higher electron af-
finities and therefore should be more stable as dianions. Life-
time measurements with the new ion source have confirmed
that the stable component is far too small to give a significant
contribution to the absorption spectrum.

The laser used for spectroscopy was an optical paramet-
ric oscillator �OPO� pumped with third harmonic radiation
from a Nd-doped yttrium-aluminum garnet laser with a pulse
energy of about 1 mJ and a pulse length of 3 ns. The inten-
sity profile of the laser is smooth, and the direction of the
laser beam varies very little with wavelength, so the overlap
with the ion beam could be kept constant in wavelength
scans. Some lifetime measurements were made with a pulsed
alexandrite laser with about 5 mJ pulse energy and a pulse
length of 10 ns.

The near-infrared absorption spectrum was measured by
detection of monoanions produced by electron autodetach-
ment after absorption of a photon from a laser pulse. The
monoanions were detected with a channeltron placed close to
the beam after a 10° deflection �Fig. 1�. The laser was fired
when the bunch of stored ions was about 1.5 m in front of
the detector after a variable number of ion revolutions in the
ring.

III. LIFETIMES

The stored dianions are unstable, and their decay by
electron detachment was monitored by detection of monoan-
ions in the channeltron.15 After photon absorption the yield is
strongly enhanced, and the time dependence of the enhance-
ment is shown in Fig. 2 for three wavelengths. The first point
of the time spectra corresponds to detachment within the first

�20 �s, and the following points show the weaker enhance-
ment after one or more revolutions of the ions in the ring.
The points fall on straight lines in the semilog plot, consis-
tent with exponential decay with the lifetimes indicated in
the figure caption, except for the first point, which is too high
by nearly an order of magnitude.

Internal conversion of electronic to vibrational excitation
is known to take place on a subnanosecond time scale,21,22 so
the electron detachment observed after one or more revolu-
tions of the beam must be due to a statistical process, i.e.,
vibrationally assisted electron tunneling. According to our
modeling of the decay �see Fig. 7 in Ref. 15�, the spectrum
of microcanonical temperatures in the ensemble of ions
ranges from below 100 to about 300 K, with an average
temperature of about 200 K, for a trap temperature of 100 K
and after storage for 10–16 ms in the ring. The spectrum
after photon absorption and internal conversion is shifted to
higher temperatures, with average values of about 490, 480,
and 450 K for 735, 785, and 935 nm, and as demonstrated by
the data in Fig. 2, the distributions in microcanonical tem-
perature �or energy� are sufficiently narrow to give exponen-
tial decay. �When the variation in the rate constant over the
energy distribution is large, the decay function is closer to a
1 / t dependence, and the ions decaying at time t have a rate
constant of �1 / t.�23

The high decay rate at very short times seen in Fig. 2
indicates that there is a competing process with very short
lifetime, which we interpret as direct tunneling of the excited
electron into the continuum �see also Ref. 24�. With an esti-
mated detection efficiency that is a factor of three higher for
prompt decay than for delayed statistical decay, the probabil-
ity for prompt decay is found to be about 0.4 with no sig-
nificant dependence on photon energy. Note that the lifetime
for direct tunneling is expected not to vary much with photon
energy since the excited electronic state is the same at all
photon energies.

Thus the lifetimes for direct tunneling from the excited
state and for internal conversion of electronic to vibrational
energy are found to be very similar. This is consistent with
simple estimates of the lifetimes. For the monoanion C60

− , the
lifetime of an excited t1g state has been measured to be 2.2
ps.22 It may be expected to be somewhat shorter for the
dianion partly because the excitation energy is about 10%
higher and partly because the coupling to Hg vibrations is
stronger than in the monoanion.22 The excited state energy of
about 1.5 eV is close to the maximum of the Coulomb bar-
rier, about 1.7 eV,15,25 so the decay rate is not much reduced
by the barrier penetration. The attempt frequency used in the
modeling was �=3�1013 s−1, and with an estimated

1 m
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FIG. 1. Sketch of the electrostatic storage ring ELISA.
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penetration probability of 0.2 one obtains a lifetime of order
0.2 ps. The uncertainty on this estimate is rather large, but
the lifetimes for the two competing processes are clearly ex-
pected to be of the same order of magnitude.

In the modeling in Ref. 15 of the decay of the C60
2− ions in

the storage ring, the internal energy of the ions decaying at
the shortest times was estimated on the basis of lifetime mea-
surements in preliminary laser experiments. However, at the
time we did not realize that there is a contribution from di-
rect tunneling to the decay after photon absorption, and
therefore the rate constant for statistical decay after internal
conversion was overestimated by an order of magnitude. The
implication is that the tail of the internal energy spectrum
toward higher energies is even more pronounced than as-
sumed in the modeling. The tail is produced partly by colli-
sions with residual gas molecules just after extraction from
the ion trap partly by electron transfer to excited states in the
Na cell. This modification has no influence on the modeling
of the decay of the ion ensemble at later times.

IV. ABSORPTION SPECTRA

From the variation with wavelength of the enhancement
of the C60

− signal normalized to the number of photons, the
absorption spectrum was obtained. In Fig. 3 results are com-
pared with absorption spectra for dianions in solution. All
spectra have a main absorption band near 10 600 cm−1,
which is better resolved at the lower temperatures. The peak
is at 10 723 cm−1 in the gas-phase spectra with 3 cm−1 sub-
tracted for the Doppler shift. The general shape of our spec-
tra is similar to the spectrum for C60

2− in benzonitrile at room
temperature apart from broadening and a small redshift in the
solution. Very similar spectra were also observed in Refs. 28
and 13, where the singlet character of the ground state was
established from measurements of electron spin resonance.
As discussed below, the JT interaction is quite different in
the triplet states, so the close similarity of the spectra indi-
cates that the ground state is singlet also in the gas phase.

The simplest interpretation of the spectra is a transition
from the t1u lowest unoccupied molecular orbital �LUMO�
level of C60 to the t1g LUMO+1 level, both triply degener-
ate. The notation refers to subgroups of the icosahedral point
group, but we may think of p-type orbitals with odd and even
symmetries, respectively. For the interpretation it is very
helpful to compare with the gas-phase absorption spectrum
for the monoanion shown in Fig. 4. As for the dianion, there
is a main absorption band, redshifted in solution. There are
sidebands from vibrational excitation because the equilib-
rium deformation is different in the initial and final states,
and similar bands should be contained in the broad tail to-
ward higher energies in the spectrum for the dianion. Even
stronger sidebands are observed in photodetachment from
monoanions with a UV laser, where there is no distortion in
the final �neutral� state of the molecule.31,32

A. JT coupling

To interpret the C60
2− spectra in more detail we first con-

sider the JT coupling in the initial �t1u�2 electronic
configuration.7,8 The main JT interaction is with the eight Hg

vibrations illustrated in Fig. 5. �We ignore the interaction
with two Ag vibrations, which do not contribute to the JT
splitting.� For triplet states, the JT problem is identical to the
one for a single electron, but in the singlet ground state, with
two electrons in the same orbital, the JT coupling is twice as
strong as in the monoanion. As discussed above, we may
assume that the electronic state is singlet. The orbital trans-

FIG. 2. Decay of stored C60
2− ions after absorption of a photon. The lower

two time spectra are for photons from the alexandrite laser with ��� 735 nm
and ��� 785 nm wavelengths absorbed at 15.5 ms after ion injection, and the
upper spectrum ��� is for 935 nm photons from the OPO laser absorbed at
10.8 ms after injection. For all spectra the trap was cooled to a temperature
below 100 K. The separation of the points is the revolution time in the ring.
The dotted lines are fitted exponential decays with lifetimes of 0.21 ms �735
nm�, 0.25 ms �785 nm�, and 0.41 ms �935 nm�.

FIG. 3. �a� Absorption spectra for Ttrap�300 K ��� and Ttrap�100 K ���
with delays between ion injection and laser pulse set to 10.8 and 32 ms,
respectively. The inset shows the peak region with fits discussed in the text.
�b� Absorption spectra for C60

2− ions in MTHF at 77 K �Ref. 26� and in
benzonitrile at room temperature �Ref. 27�.
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forms as a vector under rotations in three dimensions; in the
adiabatic approximation, the electron orbitals and the defor-
mation are strongly coupled and rotate together, and the most
important low-energy excitations correspond to such so-
called pseudorotations of the molecule.

For linear JT coupling, the energy eigenstates have a
well-defined pseudo-angular-momentum L� and symmetry
requires L to be even. The pseudorotational energy is given
by

Erot�L� =
L�L + 1�

24k2 , �1�

in units of a weighted average of the energies of the Hg

vibrations involved in the JT distortion. The effective mo-
ment of inertia is proportional to the square of the deforma-
tion, and since the equilibrium value of the deformation in
the singlet ground state is twice as large as for the monoan-
ion, the denominator in Eq. �1� is four times as large as in the
corresponding formula for C60

− �Eq. 2 in Ref. 21�. From an
analysis of a photoelectron spectrum for C60

− ,31 the average
vibrational energy was estimated to be ��0�600 cm−1, and
the value of k2�2.4 was obtained for the square of the JT-
coupling parameter. As in Ref. 21 we shall use the value of
k2�2 in estimates of JT energies, and the two lowest excited
levels are then at 75 cm−1 �L=2� and 250 cm−1 �L=4�.

In the excited electronic state one electron is in a t1g

orbital, for which the JT coupling constant is similar in mag-
nitude but has the opposite sign. The minimum of the total
JT energy is therefore obtained for a so-called bimodal de-
formation, which is the same as that of the ground state of
C60

3− discussed in Refs. 7 and 8. The Hamiltonian is that
of a symmetric top, and the energy depends on the total
pseudo-angular-momentum L� and its projection K� on the
symmetry axis,

Erot�L,K� =
1

6k2�L�L + 1� −
3

4
K2� , �2�

with the units in Eq. �1�. Symmetry requires K to be even
and K=0 is only allowed for odd L. Energy levels are shown
in Fig. 5. We note that the rotational constant in Eq. �2� is the
same as for pseudorotations of the monoanion.21

B. Interpretation of spectra

We now turn to the interpretation of the spectra in Fig.
3�a� and first consider the region close to the main peak,
shown in detail in the inset. The region of the peak and the
slope toward lower energies are fitted with three Gaussians, a
main band at 10 723 cm−1 and weaker bands at 10 523 and
10 303 cm−1 with standard deviations of �=80 cm−1 and
�=90 cm−1 for the two spectra. To aid the discussion, we
have added symmetrically two Gaussians at higher energies.
The two spectra in Fig. 3�a� are recorded for ions with dif-
ferent distributions in internal energy. From modeling as de-
scribed in Ref. 15 the average microcanonical temperatures
are estimated to be of the order of 200 and 300 K. The peak
at 10 523 cm−1 cannot be a sideband with destruction of a
vibrational excitation since there should then be a symmetri-
cally placed sideband for vibrational excitation with much
higher intensity. The natural interpretation is that this peak is
a transition from an excited pseudorotational state to the
same final state, �L ,K�= �1,0�. Relative to the main peak, the
heights of the peaks displaced by −200 cm−1 are 34% and
58% at 200 and 300 K, respectively, and the relative strength
in the two spectra is consistent with this interpretation.
Probably the peak at 10 303 cm−1 should be interpreted in a
similar way.

According to Eq. �1� the excited state at 200 cm−1 could
be L=4. A dipole transition to �L ,K�= �1,0� is not allowed
from this level �	�L		1�, but there are significant nonlinear
effects giving a warping of the JT-potential-energy surface
and consequent mixing of states with different L.7,8 The non-
linearity is not very strong for the monoanion,8,31 but it must
be more pronounced for the singlet ground state of the dian-
ion because the JT coupling is twice as strong. The symme-
tries of the eigenstates should then be specified under the

FIG. 5. To the left are indicated the energies of the eight Hg vibrations in
C60 and to the right are energies from Eq. �2� of JT states of C60

2− in the
excited electronic state �t1u��t1g� relative to the energy of the lowest state,
�L ,K�= �1,0�.

FIG. 4. Absorption spectra for C60
− in the gas phase at �300 K �top� �Ref.

21�, in a MTHF matrix at 77 K �middle� �Ref. 29�, and in methylcyclohex-
ane at 77 K �bottom� �Ref. 30�.
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icosahedral group, e.g., Ag, Hg, Gg � Hg, and Ag � T1g � Gg

� Hg instead of L=0, L=2, L=4, and L=6, and the selection
rules are modified.

As mentioned above, the continuum for photon energies
just above the main peak should contain sidebands corre-
sponding to excitations of Hg vibrations that appear because
the JT deformation is different in the initial and final elec-
tronic states. There may also be transitions to excited pseu-
dorotational states. Note that the two level spectra in Fig. 5
are of a very different nature. The energy levels of Hg vibra-
tions to the left are the spacings in independent harmonic
oscillators, while the spectrum to the right is the low-energy
part of the complete spectrum of excitations of the three
vibrational degrees of freedom converted to pseudorotations.

The vibrations are excited by shake up in the transition,
and since the equilibrium deformation in the final electronic
state is a compromise between the optimum deformations for
the two electrons with opposite signs of JT interaction, the
deformation change is not very different from that experi-
enced by C60

− in the corresponding transition. The sidebands
seen in the well resolved spectrum at the bottom of Fig. 4
can all be accounted for as single excitations of the Hg vi-
brations illustrated in Fig. 5. As seen in Fig. 5, it is therefore
very unlikely that such bands can account for the absorption
at the highest energies. There may be multiple excitations
corresponding to overtones of the vibrational frequencies,
but they should be weaker.32

C. Transitions to cone states

A possible explanation of the strong absorption at high
energies is transition to so-called cone states, which are JT
states with the opposite sign of the deformation amplitude
and positive JT energy.33–35 In the JT ground state the mag-
nitude of the deformation amplitude q is determined by a
balance between the JT force driving the deformation and the
harmonic restoring force, but for cone states with the oppo-
site sign of q these forces act together to reduce the magni-
tude of q. The deformation is instead stabilized by the cen-
trifugal force associated with pseudorotations.

Let us see whether the observation of transitions to
final states 2000–3000 cm−1 above the lowest JT level for
the excited electronic state is consistent with this explana-
tion. The lowest JT energy is of the order of −�3 /2�k2��0

�−1800 cm−1, and since the JT energy of cone states should
be positive and there should also be a pseudorotational en-
ergy to stabilize the states, the total energies should be higher
by at least �3000 cm−1. However, the energy could be
somewhat lower if the reversed deformation is stable only
for the lower-frequency Hg vibrations. According to the
analysis in Ref. 34, the reversed deformation can be stabi-
lized by pseudorotation only if the frequency of rotation is
higher than the vibrational frequency.

To estimate the rotation frequency, we use the classical
relation L�= I�r, where I is the moment of inertia and �r

is the rotation frequency. The energy is L�L+1��2 /2I
and from a comparison with Eq. �2� with K=0, we obtain
I=3k2� /�0. Inserting this into the above relation between L
and �r we obtain �r /�0=L /3k2. For a vibration with fre-

quency � the stability requirement �
�r then becomes
�
 �L /3k2��0. With k2�2, the factor on �0 is less than
unity except for very large L, and the relation is only fulfilled
for the lowest vibrational frequencies in Fig. 5.

However, when we consider the stability of cone states,
we should think of the energy as a pseudo-angular-
momentum barrier. The moment of inertia is proportional to
the square of the deformation amplitude q, and the pseudoro-
tational energy proportional to q−2 prevents collapse, q→0.
It therefore seems appropriate to evaluate the stability crite-
rion at a somewhat smaller deformation, say, about half of
the equilibrium deformation corresponding to Eq. �2�. We
should then insert the value of k2�1 /2 into the stability
criterion above, and for L=3 we obtain �
2�0. This is well
fulfilled for the lower-energy vibrations in Fig. 5 but ex-
cludes the upper three energies.

From these estimates it appears that transitions to final
states with a reversed deformation for only some of the Hg

vibrations might be an explanation for the broad high-energy
band in the absorption spectra. Admittedly, this assignment is
somewhat speculative, and we have not found any theoretical
work on such states, except for a remark in Ref. 34. How-
ever, the assignment is supported by a strong qualitative ar-
gument: the absorption spectrum for the dianion is nearly
twice as broad as for the monoanion, while vibrational side-
bands and pseudorotational excitations in the final electronic
state should be very similar for the two ions. The JT energy
is three times larger in the final state for the dianion, but it
seems that the only way this energy can come into play is
through the Slonczewski mechanism of excitation to states
on a higher JT-potential-energy surface.34

With the new information on absorption in C60
2− we may

take a fresh look at the interpretation of the absorption spec-
tra for the monoanion in Fig. 4. The band III in the top
spectrum was in Ref. 21, interpreted as a transition from an
excited JT state �T2u with a t1u electronic orbital� to a pseu-
dorotational final state with L=4 and with a t1g electronic
orbital, but the calculated transition energy was about 25%
too low. An alternative explanation might be a transition to a
cone state. Band III is 1315 cm−1 higher in energy than band
II, and this separation is about right. Compared with the
estimate above for cone states of C60

2−, the JT potential energy
is lower by a factor of three, while the pseudorotational en-
ergies are the same.

The special interpretation of the high-energy part of the
absorption spectra for the dianion in Figs. 3�a� and 6 is sup-
ported by a comparison with the absorption spectrum in Fig.
3�b� for C60

2− ions at 77 K in frozen 2-methyltetrahydrofuran
�MTHF�. It was obtained from the trace h in Fig. 1 in Ref. 26
after subtraction of a linear background. �At higher irradia-
tion doses there are indications of a small contribution from
absorption in trianions.�36 Apart from the small redshift, the
low-energy part of the spectrum is not very different from
the gas-phase spectra. The signal below the peak at
10 600 cm−1 is due to absorption by monoanions, which ex-
tends up to about 11 000 cm−1 �Fig. 4, bottom� and explains
the steep decrease just above 11 000 cm−1. However, there
is also a marked drop in absorption around 11 500 cm−1, and
the relative strength of the absorption between 11 600 and
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13 600 cm−1 is lower by about a factor of two than in ben-
zonitrile at room temperature and in the gas-phase spectra.

The most likely explanation for this difference is the
temperature difference. For free ions we see no decrease in
the high-energy absorption with decreasing temperature, as
indicated in Fig. 3�a� and illustrated in Fig. 6 by a compari-
son of two complete scans with the same laser delay time but
different temperatures of the ion trap. However, if the energy
of the lowest five-fold degenerate Hg level relative to the
Ag ground state is close to the estimated 75 cm−1, the
populations of the two levels are about equal at 77 K. For
the gas-phase spectra in Figs. 3 and 6, the average �micro-
canonical� temperature of the ions is much higher,
T�200–300 K, and the population of Ag is only �17%. A
very low strength of optical transitions from the JT ground
state to cone states could therefore explain the observed re-
duction in the high-energy part of the MTHF spectrum in
Fig. 3�b�. This is not unreasonable since, as discussed above,
the stabilization of cone states requires a significant pseudo-
angular-momentum, and dipole transitions from the Ag

ground state may be forbidden.
This explanation of the temperature dependence of the

high-energy absorption band for C60
2− is analogous to the in-

terpretation in Ref. 21 of the temperature dependence of
band III in the top spectrum for the monoanion in Fig. 4. The
lowest pseudo-rotational excitation in the electronic ground
state is for this case so high that the transition from this
excited state to the lowest JT level for the final electronic
state is resolved �band II�. Neither band II nor band III are
observed at 77 K, and it was concluded that band III also
corresponds to transitions from the excited state.

Note that the small peak near the position of band III for
absorption in an MTHF matrix at 77 K �middle spectrum in
Fig. 4� is a contamination from absorption in dianions, and
the discussion of this peak in Ref. 21 and in earlier work8,29

was based on an incorrect assignment. The middle spectrum
in Fig. 4 was obtained with the same technique as applied in
Ref. 26, where absorbance spectra were recorded for a se-
quence of �-irradiation levels with increasing concentration
of free electrons. The series of traces in Fig. 1 in Ref. 26
reflects the initial formation of C60

− ions and gradual conver-

sion to dianions. Trace d in this series is very similar to the
middle spectrum in Fig. 4, and it is clear that the peak near
10 600 cm−1 belongs to the dianion spectrum and not to that
of the monoanion. At higher irradiation levels, this peak
evolves into the main absorption peak in trace h, shown as
the full-drawn spectrum in Fig. 3�b�.

It appears that we have obtained a consistent picture of
the near-infrared absorption spectra for the monoanions and
dianions of C60, but support from detailed theoretical calcu-
lations is needed. In this respect, a recent study of the elec-
tronic level density in a C60

− molecule is very interesting.37

The current through a single C60 molecule was measured by
scanning-tunneling microscopy �STM� as a function of bias
voltage, and for negative bias of the STM tip, the derivative
of the current with respect to voltage is proportional to the
density of unoccupied levels in the molecule. The main fea-
tures of the measured spectrum are a sharp main peak and a
broad sideband at about 1850 cm−1 higher energy.

The measurements are compared with density-functional
calculations including JT coupling. The injection of an elec-
tron into the C60 molecule is the inverse of electron detach-
ment, for example, photoemission.32 As in the photoelectron
spectrum analyzed in Ref. 32 there are sidebands from exci-
tation of vibrations due to a change in the equilibrium defor-
mation now in C60

− and slightly shifted in energy due to the
JT interaction. The calculations also reproduce the broad
sideband at about 1850 cm−1, and a comparison to calcula-
tions with JT coupling to the different vibrations separately
shows that this sideband results from the combined interac-
tion with all the vibrations. The origin of the band is not
discussed in detail in Ref. 37, but it is tempting to assign it to
a combination of two narrow sidebands corresponding to the
highest vibrational frequencies and cone states with positive
JT energy from the interaction with the lower-frequency
vibrations.

Qualitatively, this interpretation is consistent with our
new interpretation of band III in Fig. 4. The separation of
1315 cm−1 between bands II and III is smaller than the sepa-
ration of 1850 cm−1 between the main level density peaks
for the LUMO level, but this might be due to the JT interac-
tion in the LUMO+1 level being weaker by �15%. It should
also be noted that in earlier absorption measurements for C60

−

in solution, the high-energy band was observed at somewhat
higher energy.38 We plan to repeat the gas-phase experiment
for C60

− with the new, more stable ion source and with a more
powerful laser to check the positions of the bands and deter-
mine the temperature dependence of their strength.

V. SUMMARY AND CONCLUSIONS

In summary, we have reported near-infrared absorption
spectra of C60

2− ions in the gas phase. The absorption leads to
electron loss and both direct electron tunneling into the con-
tinuum and statistical autodetachment after internal conver-
sion are observed. Since the excited electronic state is close
to the maximum ��1.7 eV� of the Coulomb barrier calcu-
lated in Ref. 15, this is evidence against the suggestion in
Ref. 6 of much lower Coulomb barriers for fullerene dian-
ions and is consistent with a recent determination by photo-

FIG. 6. Photoabsorption by stored C60
2− ions at 10.8 ms after ion injection.

The trap temperatures were Ttrap�300 K �open circles� and Ttrap�100 K
�full circles�.
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emission of a 1.6 eV Coulomb barrier for C70
2− �Ref. 39� and

slightly lower values for C76
2−, C78

2−, and C84
2−.40

The absorption spectra reveal the strong JT interaction in
the dianions of C60, and the electronic ground state is deter-
mined to be singlet. Transitions from both the JT ground
state and excited pseudorotational states have been observed.
There is evidence for interpretation of a broad high-energy
band as transitions to states with positive JT energy stabi-
lized by pseudorotations �cone states�, and we suggest a
similar assignment for a high-energy absorption band in the
monoanion.
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Gas-phase action spectroscopy shows unambiguously that the

low-energy absorptions by tetramethylthiotetrathiafulvalene and

tetrathianaphthalene cations in solution phase are due to

monomers and not p-dimers.

Tetrathiafulvalene (TTF, Chart 1) is a redox-active molecule

that has been explored considerably in supramolecular

chemistry, molecular electronics, and materials science.1 The

ability of TTF and alkylthio-substituted TTF radical cations

to form p-dimers (TTF2
2+) has been a subject of some

controversy. TTF�+ exhibits an absorption maximum at a

longest-wavelength absorption of 580 nm in CH3CN,2 which

has been assigned to an intrinsic absorption by the cation.

However, in EtOH at 225 K, absorption at 714 nm is

observed, and it was interpreted as due to the formation of

p-dimers.3 This assignment was supported by Khodorkovsky

and co-workers4 from ESR studies and calculations. Recently,

Sallé and co-workers5 demonstrated that dimerisation can be

enforced between two closely situated TTFs in a calixarene

assembly, and along the same line Stoddart and co-workers6

observed dimerisation in TTF-containing rotaxanes and

catenanes. For the radical cation of tetramethylthio-TTF

(TMT-TTF, Chart 1) and related derivatives, absorption

around 840 nm was in several studies7 ascribed to a p-dimer.

Studies on a bis-TTF macrocycle showed a concentration

dependent absorption (in comparison to a higher energy

absorption), which was taken as evidence of the

intermolecular character of the transition.7c Nevertheless,

ESR and calculational studies pointed in the opposite

direction, namely that TMT-TTF�+ cations do not

dimerise.4 Thus, while p-dimerisation is an intriguing design

element for supramolecular chemistry, the substituents seem

to play a major role for its occurrence.

Here we shed further light on the intrinsic absorptions by

TTF cations from gas-phase experiments; these provide both

the isolated molecule characteristics and, by comparison with

solution phase absorptions, reveal any possible solvent influence.

In addition to TTF�+ and TMT-TTF�+, we have studied the

properties of tetrathianaphthalene (TTN, Chart 1), an isomer

of TTF. Spectra were compared to calculated excitation

energies. A third isomer of TTF was investigated

theoretically, a fused dithiafulvene (FDTF, Chart 1).

First, absorption bands in solution for the radical cations

under study are listed in Table 1; values for TTF�+ and TMT-

TTF�+ were taken from the literature.2,3,7c,8 It was previously

Chart 1 Sulfur-heterocycles.

Table 1 Absorption maxima of TTF radical cations and isomers
(in nm). For TMT-TTF�+ the first theory data row corresponds to
maxima for the lowest energy conformer and the next row to another
conformer. LDA and CASSCF methods give similar results (see ESIw)

Compound Solutiona

Gas phase

Experiment Theory

TTF�+ 430,b 580,b 714c 395, B590 368, 539
TMT-TTF�+ 470,d 843d 425, 540, 790 386, 424, 873

454,e 480 (sh),e

560 (sh),e 850e
376, 519, 734

TTN�+ 900f 450, 815 511, 836
FDTF�+ — — 390, 773

a Only wavelengths4400 nm are listed. b InMeCN; ref. 2. c In EtOH at

low temperature; ref. 3. d In CH2Cl2; ref. 7c.
e In MeCN; sh= shoulder;

ref. 8. f In MeCN; this work.
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shown that TTN undergoes one reversible oxidation and a

subsequent irreversible oxidation,9 but to our knowledge the

absorption properties of the radical cation were never mea-

sured. For this reason we performed spectroelectrochemical

studies on TTN. The cyclic voltammogram (CV) is shown in

the inset of Fig. 1. A reversible oxidation was found at

E0(TTN
+/TTN) = 0.36 V (half-wave potential) vs. Fc+/Fc

and an irreversible oxidation at Ep(TTN
2+/TTN+) = 1.01 V

vs. Fc+/Fc. Spectroelectrochemistry revealed a lmax of TTN
�+

at ca. 900 nm (Fig. 1). We note that bulk electrolysis was not

completely reversible as upon returning to the neutral species

some other absorption features emerge, in addition to the

expected disappearance of the radical cation absorption band.

Our next objective was to measure the intrinsic absorptions

by TTF�+, TMT-TTF�+, and TTN�+ in vacuo. Action

spectroscopy was done at the electrostatic ion storage ring in

Aarhus, ELISA.10 Briefly, ions were formed by electrospray

ionisation, accumulated in a 22-pole ion trap, accelerated as a

bunch to 22 keV kinetic energies, mass-to-charge selected by

a bending magnet and injected into the ring. In the absence of

a stabilising solvent, the presence of dimer dications with the

same m/z as the monomer cations in the ion beam is expected

to be insignificant due to the Coulomb repulsion between

two like charges. This was verified by a mass spectrum of

TMT-TTF measured at another instrument providing higher

mass resolution: the isotope pattern is completely accounted

for by monomers (Fig. 2, see ESIw). After storage of the ions

for 35 ms in the ring to allow for the decay of metastable ions,

the ions were photoexcited using a pulsed tunable EKSPLA

laser (Nd:YAG in combination with an OPO). The number of

neutrals formed on one side of the ring was measured as a func-

tion of time. Dissociation was a result of one-photon absorption

for TTF�+ and TTN�+ and also for TMT-TTF�+ at low wave-

lengths (o500 nm). At higher wavelengths the dissociation of

TMT-TTF�+was due to two-photon absorption. Cross-sections

(relative, not absolute, numbers) are obtained as the number

of neutrals formed after photoexcitation divided by the ion

beam intensity and the number of photons in the laser pulse

(raised either to the power of one or two).

The resulting action spectra are shown in Fig. 3, and the

band maxima are given in Table 1. In addition, we have

calculated the absorption maxima for the compounds including

also FDTP�+ by time-dependent density functional theory

using B3LYP/6-311++G(d,p).11 Other local and semi-local11

functionals are able to describe properly the more intense

bands but fail in first excitations of TMT-TTF�+ (see ESIw).
Values are provided in Table 1 and presented in Fig. 3 by

vertical lines (see also ESIw). Structures were optimised at the

B3LYP/6-311++G(d,p) level, and a planar symmetry was

found for both TTF�+ and FDTF�+ while TTN�+ adopts a

folded geometry, i.e., ionisation changes the conformation of

the molecule. Good agreement between experimental and

calculated absorption maxima was obtained, and from the

calculations the lowest-energy absorptions for TTF�+ (B),

FDTF�+, and TTN�+ (A) are assigned to p–p* transitions

from the SOMO � 1 to the SOMO, cf. Fig. 4. The low-energy

absorption at ca. 714 nm by TTF�+ in solution at low

temperature (vide supra) is absent in the gas phase spectrum,

which supports the interpretation of this band as a p-dimer

absorption. In contrast, a low-energy absorption at 836 nm

(A) of TTN�+ in the gas phase indicates that the strong

absorption in solution around 900 nm is an intrinsic absorp-

tion and not originating from p-dimers. This lowest-energy

Fig. 1 Absorption spectra of TTN (red solid line) and TTN�+ (blue

dashed line). Spectroelectrochemistry was done under a constant potential

of 0.507 V vs. Fc+/Fc. Upon returning to the neutral species (�0.113 V

vs. Fc+/Fc), some other absorption features emerge (green dotted line).

The inset shows the CV of TTN in 0.1 M TBAPF6 in CH3CN.

Fig. 2 Electrospray mass spectrum of TMT-TTF. The theoretical

isotope pattern of TMT-TTF�+ is indicated by the blue circles.

Fig. 3 Gas-phase action spectra and calculated values (vertical lines).

The intensities are normalised to the maximum peak. For TMT-

TTF�+ the results appear in blue for the lowest energy conformation

and in green for the second one (see text).
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absorption of TTN�+ is significantly redshifted relatively

to that of TTF�+ (by 225 nm in vacuo). As expected a

solvatochromic redshift is found for the p–p* transitions in

both TTF�+ and TTN�+. The lowest-energy absorption of the

FDTF�+ isomer is calculated to be in between that of TTF�+

and TTN�+; no experimental data exist for this ion. The

strong band at 395 nm for TTF�+ (A) corresponds mainly

to a SOMO to SOMO + 2 transition which is of p–p* nature.

The band at 450 nm for TTN�+ (B) is ascribed to a SOMO to

SOMO + 1 transition (also p–p* transition).

The gas-phase action spectrum of TMT-TTF�+ displays three

bands labeled A (425 nm), B (540 nm) and C (790 nm),

respectively (Fig. 3). In the calculations, we took into account

two stable symmetrical structures (due to a low energy barrier

for rotation of the methyl groups). The energy difference

between the two is around 54 meV, and the TTF core structure

remains almost invariant. In the lowest-energy conformer of Ci

symmetry, the two diagonally positioned methyl groups are in

the same plane as the TTF unit while the other two are

perpendicular to the plane and in the opposite direction. In the

other one of D2 symmetry, the methyl groups are slightly

inclined, opposite to each other, and perpendicular to the TTF

plane. Based on the calculations we assign the three bands to a

p–p* transition (A, Ci)/n–p* transition (A,D2), a p–p* transition
(B, more intense for D2 than for Ci), and a charge-transfer

transition from the external sulfur-methylthio to the central C–C

bridge (C, both conformers). Importantly, the presence of the

low-energy band at 790 nm (C) is clear evidence that in solution

the origin of this band is from an intramolecular transition and

not the result of p-dimers, hence supporting the conclusion of

Khodorkovsky et al.4 We caution that the signal giving rise to

the C band is the result of two consecutive absorption processes,

and that it therefore can be difficult to compare the intensity to

those of the A and B bands both of which are due to one-photon

absorption. Also the laser beam exit changes at 710 nm, which

may cause slightly different overlaps between the laser light and

the ion bunch below and above 710 nm.

In conclusion this study provides the first intrinsic optical

properties of TTF�+, TMT-TTF�+, and TTN�+, and the

solution-phase spectrum of TTN�+. Based on these results

we have firmly established that the low-energy absorption by

TMT-TTF and TTN radical cations in solution can be assigned

to the monomer. On the other hand, the absence of a low-energy

absorption around 714 nm in the gas-phase spectrum of

TTF�+ is in agreement with the assignment of this absorption

to p-dimers in solution, but it cannot be taken as evidence

hereof.
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Absorption Spectra of 4-Nitrophenolate Ions Measured in Vacuo and in
Solution

Maj-Britt Suhr Kirketerp,[c] Michael �xman Petersen,[b] Marius Wanko,[a] Leonardo Andres Espinosa Leal,[a]

Henning Zettergren,[c] FranÅisco M. Raymo,[d] Angel Rubio,*[a] Mogens Brøndsted Nielsen,*[b] and
Steen Brøndsted Nielsen*[c]

Hyperpolarizable organic molecules that display intramolecular
charge transfer (ICT) transitions are important building blocks
for advanced optical materials.[1] One such class of species is
the p-nitrophenolates that serve as donor–acceptor molecules,
or so-called push–pull chromophores, since an electron is
transferred from the negatively charged phenolate to the nitro
group upon photoexcitation, with a significant change in the
charge distribution. The pp* transition is not purely CT in char-
acter due to the highly delocalized donor and acceptor orbi-
tals. Both the phenolate and nitro group oxygen atoms are
strong hydrogen-bond acceptors and the nitro group has an
additional tendency to coordinate with metal centers—proper-
ties successfully employed for engineering of nonlinear optical
(NLO) materials.[2] In this regard, it is advantageous to know
the intrinsic absorption of the isolated molecule or ion to shed
light on the electronic perturbation by a microenvironment
and, not least, to provide a reference to benchmark theory. An
approximate approach is to characterize molecules spectro-
scopically in solvents of varying polarity and thereafter to ex-
trapolate to vacuum. Several scales have been developed
based on the energy of inter- or intramolecular CT transitions,
such as the Dimroth–Reichard ET(30),[3] the Z-scale,[4] the p*-
scale,[5] and taking into account H-bond interactions.[6] The sit-
uation is more complicated when one wants to correlate the

ICT of anionic nitrophenolates with solvent polarity. Ionophores
are not easily dissolved in nonpolar solvents and even then
there are field effects from counter ions. In polar solvents, the
ground and excited states are stabilized to different extents,
which results in solvatochromic shifts.

To determine the intrinsic optical properties, it is necessary
to carry out experiments on bare molecular ions in vacuo.
Herein we report gas-phase absorption spectra of four p-nitro-
phenolates, 1� , 2� , 3� , and 4� (Figure 1).[7] The ions are charac-

terized by different p-conjugated spacers between the donor
and acceptor groups and were chosen to elucidate the influ-
ence of the number of phenylene spacers and deviations from
planarity. Results are compared to advanced quantum-chemi-
cal calculations and solution-phase measurements.

Gas-phase spectroscopy on molecules that are easily evapo-
rated is routinely done whereas experiments on ions require
specialized instrumentation. An inherent problem in the latter
case is the presence of too few chromophores to cause a
measurable decrease in the incoming light intensity, implying
that conventional spectroscopy does not work. Instead, gas-
phase UV/Vis absorption spectra are derived from the photo-
induced homolytic dissociation of the chromophore and by
monitoring one or more of its photoproducts. We use the elec-
trostatic ion storage ring in Aarhus, ELISA (Figure 2), which,
when combined with lasers, work as a gas-phase optical cell.[8]

Ions are produced by electrospray ionization, stored in a 22-
pole pretrap, accelerated as a bunch to 22 keV energies and in-

Figure 1. Phenylogous nitrate ions (1, 2, 4) and a combination of a phenylo-
gous and a vinylogous nitrate ion (3) chosen for study.
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jected into the ring. Here they circulate until they change their
kinetic-energy-to-charge ratio by dissociation. After tens of mil-
liseconds, the ions are irradiated
by light at one side of the ring.
If ionic dissociation occurs at
the opposite side to the laser in-
teraction region, the neutrals
formed move undisturbed and
hit the MCP detector at the end
of the track, which gives rise to
counts. A spectrum of the neu-
trals yield is obtained as a func-
tion of excitation wave-
length.[9, 10]

The dominant reaction after
photoexcitation of nitropheno-
lates is loss of NO, occurring on
a ms to ms time scale, and identified by operating ELISA as a
mass spectrometer.[11] The number of photoexcited ions as a
function of l was obtained from exponential fits to time decay
spectra and normalized by the photon flux and ion beam in-
tensity (Figure 3). The lowest-energy absorption maxima are at
392, 541, 660, and 775 nm for 1� , 2� , 3� , and 4� , respectively.
Thus, our data show that lmax red-shifts along the progression

1� , 2� , 4� . The absorption of the stilbene derivative 3� is
found intermediate that of 2� and 4� .

Theoretical results were obtained with time-dependent den-
sity functional theory (TDDFT) and the CC2 coupled-cluster
linear response methods.[12] The dipole-allowed pp* transition
is to the 21A1 excited state, which is lowest in energy. The fron-
tier orbitals are of B1 symmetry (C2v), and the transition dipole
moment is along the long axis of the molecule. CC2 transition
energies (Figure 3 and Table 1) are in excellent agreement with
the experiments. TDDFT performs as well for 1� , 2� , 3� but
less so for 4� (Table 1).

Both DFT and MP2 predict non-planar geometries for 2� and
4� but a nearly flat potential energy surface. The planar transi-
tion state for 2� is 0.02 eV above the minimum (MP2/TZVPP).
The dihedral angle between the phenyl rings depends on the
method. Hybrid DFT (PBE0/TZVP) predicts rotations of 15–228
and MP2/TZVPP 20.1–28.78. According to MP2, the angle de-
creases with the completeness of the basis set. Hence the
planar and non-planar geometries represent limiting cases to
estimate the fluctuation in the vertical excitation energy at
0.05–0.07 eV and 0.06–0.17 eV for 2� and 4� , respectively,
(Table S2); an angle of 08 results in a blue-shift. This may ex-
plain the sidebands in the spectra as there are no other
dipole-allowed transitions in the region. The bands may, how-
ever, also be due to vibrational progressions.

The lmax of the anions in three solvents are given in Table 1.
Phenolates were obtained by deprotonation of phenols using
NaOMe as base. In MeCN, the lmax of 1� is red-shifted by
38 nm compared to vacuum, characteristic for pp* transitions.
A significant blue-shift is seen for the other three anions, most
pronounced for 4� (309 nm), in agreement with HOMO and
LUMO orbitals (Figure 4). Thus, SORCI[13] and CC2 calculations
predict a considerable CT from phenolate to nitrophenyl, and
that the difference in dipole moment between the ground and
the first excited state increases with the length of the mole-
cule, 27 D for 4� ! (See the Supporting Information, which con-
tains experimental and computational details ; calculated verti-
cal excitation energies, oscillator strengths, difference dipole
moments, and solvent shifts.) Counter ions and solvent dipoles
therefore stabilize the ground state more than the excited
state, an effect that increases in the order 2�<3�<4� . The CT
is slightly enhanced by out-of-plane torsion of the phenyl

Figure 2. Instrumental setup for gas-phase spectroscopy.

Figure 3. Gas phase absorption spectra. The vertical lines are calculated lmax

values, in blue CC2 and in red TDDFT.

Table 1. Longest-wavelength absorption maxima (lmax) of p-nitrophenolates[a] in different solvents and in the
gas phase. The values of lmax are in nm.

Compound Solution Gas phase
H2O MeOH Toluene (+ 18C6) MeCN Exp Theory

CC2 TDDFT

1� 402[7d] 387 408 430 392 389 379
2� 400[7c] 406 472 507 541 570 593
3� 435 504 543 660 608 626
4� 377 445 466 775 752 918

[a] As sodium phenolate in solution (obtained by deprotonation of corresponding phenol by NaOMe).
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rings, which again increases in the presence of a counter ion.
Nonetheless, the shift is almost the same for the planar and
the nonplanar geometries. In water and methanol, the blue-
shift is even larger for 2� , 3� , and 4� owing to H-bonds.

Sodium phenolates are not soluble in toluene, but are
brought into solution using the crown ether 18-crown-6 (18C6)
that encapsulates Na+ in its cavity. While the maxima in this
medium are red-shifted relative to those in MeOH, they are in
fact all at higher energy than those in the more polar solvent
MeCN. Clearly, interactions with the metal ion play an impor-
tant role in toluene. According to ion-pair calculations and a
continuum electrostatic model, H-bonding, structural effects
and the shielding of the counter ion by the crown ether in tol-
uene are essential.

In conclusion, we have recorded gas phase absorption spec-
tra of four nitrophenolate anions and found that the CC2
model provides excellent predictions of the maxima. While
only a relatively narrow spectral region is covered by the four
chromophores in solution, they cover the entire visible region
when isolated in vacuo. The large shifts can be explained by
the CT character of the electronic transition. Calculations reveal
that the solvent shift is mainly a result of counter ion and H-
bond interactions. Therefore, it does not seem viable to corre-
late the data with one of the solvent polarity scales. For setting
the reference point for the intrinsic absorptions of the chromo-
phore anions, gas phase results are indeed required.
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Double-Bond versus Triple-Bond Bridges: Does it Matter for the Charge-
Transfer Absorption by Donor–Acceptor Chromophores?
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Mogens Brøndsted Nielsen,[c] and Steen Brøndsted Nielsen[a]

Much work has focused on elucidating the different abilities of
alkene and alkyne units to transmit donor–acceptor conjuga-
tion. One approach is to compare the characteristic charge-
transfer (CT) absorption band maxima.[1] The CT band relies on
both donor and acceptor strengths, that is, the energy of the
separate HOMO of the donor and the separate LUMO of the
acceptor, as well as on the electronic coupling between the
two orbitals conveyed by the spacer. In the strong coupling
regime, the resulting HOMO and LUMO orbitals are more sepa-
rated in energy (blue-shifted absorption). In the weak coupling
regime, each end of the molecule is unperturbed and the
smallest HOMO–LUMO gap is obtained.

Figure 1 shows a variety of alkene and alkyne extended
donor–acceptor chromophores and their CT absorptions in so-
lution. Comparison of stilbene and tolane derivatives 1a and
1b as well as 2a and 2b[2] shows that exchange of a double
bond for a triple bond results in a blue-shifted CT absorption.
In contrast, the absorption maxima of tetrathiafulvalene (TTF)
compounds 3a[3] and 3b[4] indicate that the electronic coupling
between the donor (TTF) and acceptor ends is lowest when
the spacer is an alkyne.[5] Yet, it is imperative to take solvent ef-
fects into account when comparing CT absorptions,[6] and par-
ticularly so for charged donor–acceptor chromophores (vide
infra). In addition, conformational flexibility of the chromo-
phore in question plays an important role for the overlap of p

orbitals.
We have recently studied the intrinsic optical properties and

solvatochromism of a series of p-nitrophenolates by state-of-
the-art gas-phase experiments and quantum chemical calcula-
tions.[7] In the electronic transition, electron density is trans-
ferred from the phenolate oxygen to the nitro group. Com-

pared to solution spectra, the isolated chromophores exhibited
not only significantly red-shifted CT absorptions in the gas
phase, but the relative positions in the series were also not
identical to the sequence obtained in different solvents.
Herein, we shed light on the difference between alkene and
alkyne bridges by comparing two simple p-nitrophenolates 4a
and 4b (Figure 1). We establish from gas-phase action spec-
troscopy that the coupling is strongest for the alkene spacer
(4a).

The experimental setup consists of an electrostatic ion stor-
age ring in combination with an electrospray ion source and a
laser system (Figure 2).[8] The number of neutrals formed at
one side of the ring is measured as a function of time, and
from the increased number of neutrals formed after photoexci-
tation, we obtain a relative number for the absorption cross
section, known as action spectroscopy. The detector is posi-
tioned on the opposite side of the ring as to where the photo-
excitation takes place. Hence we measure neutrals formed by
delayed dissociation, 30 ms after photoexcitation in the first in-
stance and then after successive circulations in the ring. In a
separate experiment in which the ring was used as a mass
spectrometer,[9] the dissociation channels were found to be
loss of NO and to a minor extent loss of NO2 (Supporting Infor-
mation). For comparison, loss of NO from nitrobenzene is also
a low-energy dissociation channel.[10]

Figure 1. Selection of donor–acceptor chromophores with alkene or alkyne
spacers. The absorption maxima of the CT absorptions measured in solution
are given.[2–4]

[a] M.-B. S. Kirketerp, Prof. S. B. Nielsen
Department of Physics and Astronomy
Aarhus University, Ny Munkegade, DK-8000 Aarhus C (Denmark)
Fax: (+ 45) 86120740
E-mail : msk@phys.au.dk

[b] Dr. H. Zettergren
Department of Physics, Stockholm University
AlbaNova University Center, 10691 Stockholm (Sweden)

[c] Dr. M. �. Petersen, Prof. M. B. Nielsen
Department of Chemistry, University of Copenhagen
Universitetsparken 5, DK-2100 Copenhagen (Denmark)

[d] Dr. M. Wanko, Prof. A. Rubio
CIC nanoGUNE, European Theoretical Spectroscopy Facility (ETSF)
Centro Mixto CSIC-UPV/EHU and Departamento de Fisica de Materiales
Universidad del Pais Vasco
Avenida de Tolosa 72, 20018 San Sebastian (Spain)

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cphc.201000464.

ChemPhysChem 2010, 11, 2495 – 2498 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2495



IV

Time spectra of 4a and 4b after photoexcitation at 690 and
710 nm, respectively, are shown in Figure 3. The spectra are
similar for the two ions. The data can be accounted for by

three exponentials. The slowest decay with a time constant of
100 ms is due to collision-induced dissociation as the ions col-
lide with residual gas in the ring, where the pressure is about
10�10 mbar. This lifetime was also obtained from a separate
measurement without laser excitation. The need for two sub-
ms lifetimes is due to the width of the internal energy distribu-
tion of the ions, which causes a tail to the exponential ; ions
with lower internal energy dissociate with longer time con-
stants. This was verified from a calculation of decay rates as a
function of time based on the internal energy distribution and
statistical rate constants (Arrhenius model, single dissociation
pathway), see Figure 3 and the Supporting Information.[11]

Hence the use of two exponentials in our analysis is merely an
analytical tool to properly obtain the number of photoexcited
ions (vide infra).

The dissociation results from stepwise absorption of two
photons as the yield of neutrals increases to the second order
with the number of photons in the laser pulse (see Figure 4).
We emphasize that it is not a coherent two-photon absorption
process where two photons are absorbed at the same time, as
the laser pulses are several nanoseconds long. Instead, one

photon is absorbed followed by internal conversion to the
electronic ground state, absorption of a second photon, inter-
nal conversion and finally ionic dissociation on the microsec-
onds to millisecond timescale (Figure 3). The energy of one
690 nm photon is 1.8 eV, which is less than the transition state
for NO loss of 2.8 eV as predicted by B3LYP/TZVPP calculations
(Experimental Section and Supporting Information). This sup-
ports the finding that the decay is due to the absorption of
two photons. The photoyield therefore depends on the ab-
sorption cross section of the room-temperature ions (first ab-
sorption) and that of these vibrationally excited ions (second
absorption). The absorption cross section may depend on the
internal energy of the ions in which case the two absorption
cross sections are not identical.

From fits to the time spectra it was possible to extrapolate
back to time zero, defined as the time when the laser was
fired. This allowed us to obtain the total number of photoexcit-
ed ions for each wavelength used (relative, not absolute, num-
bers) and subsequently deduce the absorption from this infor-
mation.[12] The number of photoexcited ions is proportional to
the area under the fitted curve, not including the collision-in-
duced dissociation seen as the base level reached after a
couple of milliseconds. This area (time constant multiplied by
the pre-exponential factor) was divided by the neutrals yield
directly before photoexcitation to correct for changes in the
ion-beam intensity and by the square of the number of pho-
tons in the laser pulse.1

Figure 2. Instrumental setup for gas-phase action spectroscopy. An electro-
static ion storage ring in combination with an electrospray ion source and a
laser system.

Figure 4. Yield of neutrals formed after photoexcitation as a function of the
laser pulse energy for 4b taken at 710 nm. From a fit to a parabola it is evi-
dent that the dissociation is due to two-photon absorption.

Figure 3. Time spectra at 690 nm and 710 nm for 4a and 4b, respectively.
The exponential fit (solid red curve) includes a time constant for collision-
induced dissociation (100 ms) and two sub-millisecond time constants for
photodissociation (90 ms and 500 ms). The dashed blue curve in the upper
panel is the result from the statistical model. The two curves overlap com-
pletely.

1 The spectrum of 4a reported in ref. [7] arises from an erroneous one-photon
analysis and as a result the shape is different. The band maximum is red-
shifted from 660 nm to 685 nm with the use of two-photon analysis and a
narrower band is obtained.
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The gas-phase absorption spectra are shown in Figure 5.
One point represents the absorption cross section of room-
temperature ions multiplied by that of ions that have absorbed
one photon. Two Gaussian functions are fitted to the data. The

lowest energy absorption maximum is at 685 and 695 nm for
4a and 4b, respectively, and the band width is around 80 nm.
Hence the alkyne bridge results in a red-shift in the CT absorp-
tion as compared to the alkene bridge. In other words the cou-
pling between the donor and acceptor groups is decreased for
the alkyne bridge relative to the alkene one.

Theoretical results obtained with the CC2 coupled-cluster
method for the planar structure are presented in Figure 5 by
bars. The calculated vertical excitation energies (613 and
639 nm for 4a and 4b, respectively) are 0.16–0.22 eV higher
than the experimental band maxima, but the red-shift from 4a
to 4b is correctly predicted. Again a difference between theory
and experiment could be due to a change in absorption cross
section after absorption of the first photon since the experi-
mental absorption spectrum depends on two cross sections
while the calculation only accounts for the absorption of the
first photon.

In acetonitrile (MeCN) solution, both absorption maxima are
blue-shifted to 542 and 497 nm for the sodium salts of 4a and
4b, respectively (see Figure 6). In methanol (MeOH), the
sodium salt of 4a exhibits an absorption maximum at
435 nm,[7] while the sodium salt of 4b absorbs at 408 nm.
Thus, in both solvents the absorption maximum of 4a lies
lower in energy than that of 4b in contrast to the situation in

vacuo. The larger solvent blue-shift of 4b is most likely due to
the larger change in dipole moment (18.3 D) compared to that
of 4a (12.6 D), as predicted by the CC2 calculations (see
Figure 7 for the molecular orbitals). The hypsochromic solvent
shift is the result of an excitation-induced CT that works
against the electric field of the solvent dipoles.

The solubility of the compounds limits solution studies to
polar solvents. Anyhow, ion pairing effects would complicate
the interpretation of absorption data obtained in nonpolar sol-
vents. Such effects are totally eliminated when studying the
isolated, anionic chromophores in the gas phase.

In conclusion, gas-phase absorption spectra of two p-nitro-
phenolate ions were measured to reveal the importance of the
bridge between the donor and acceptor group being an
alkene or alkyne unit. We find that the coupling between the
donor and the acceptor group is lowest for the tolane com-
pound as it absorbs further to the red (lmax = 695 nm) than the
stilbene compound (lmax = 685 nm). Coupled-cluster calcula-
tions also reveal a clear red-shift (26 nm) of the vertical excita-
tion energy from 4a to 4b. From solution studies, one would
have drawn the opposite and wrong conclusion regarding the
ability of the two spacers to convey the electronic communica-
tion in nitrophenolates. Our findings can likely be generalized
to neutral solutes in the case where the dipole moment is re-

Figure 5. Gas-phase absorption spectra of 4a and 4b, including Gaussian fits
to the data points. The lowest energy absorption maximum is at 685 nm
and 695 nm for 4a and 4b, respectively. The solid vertical lines are the theo-
retical results.

Figure 6. Solution-phase, MeCN (solid curve) and MeOH (dashed curve), ab-
sorption spectra of the sodium phenolates of 4 a (black curve) and 4 b (blue
curve). In both solvents, the blue-shift from 4a to 4b is 0.2 eV. The gas-
phase absorption maxima are illustrated by the two solid vertical lines on
the right. The other four lines represent the band maxima of the solution
absorption spectra. The normalization of the spectra in methanol was per-
formed based on a higher energy absorption maximum that is not shown.

Figure 7. State-averaged (S0, S1) natural orbitals of 4a (left) and 4b (right).
The S1 excited state is strongly dominated by a transition from the HOMO
(bottom) to the LUMO (top).
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duced or reverted upon excitation. Finally, the central stilbene
and tolane units belong to the series of oligo(phenyleneviny-
lene)s (OPVs) and oligo(phenyleneethynylene)s (OPEs), respec-
tively, which are conjugated oligomers that have been exploit-
ed widely as wires for molecular electronics.[13] The stronger
electronic coupling observed for 4a relative to 4b is in line
with the higher conductance of OPVs relative to OPEs.[14]

Experimental and Computational Methods

Experiments were performed at the electrostatic ion storage ring
in Aarhus, ELISA. The setup is described in detail elsewhere.[8] Ions
were produced by electrospray ionisation, stored in a 22-pole pre-
trap and accelerated as a bunch to 22 keV energies. Ions with the
mass-over-charge of interest were selected by a magnet and inject-
ed into the ring where they circulated until they changed their ki-
netic-energy-to-charge ratio by dissociation. After 35 ms, the ions
were irradiated by a nanosecond light pulse from a tunable
EKSPLA laser. This is an Nd:YAG laser where the third harmonic
(355 nm) pumps an optical parametric oscillator (OPO). The repeti-
tion rate of the experiment was 10 Hz. Lifetimes were obtained
from measurements of the yield of neutrals hitting the microchan-
nel plate (MCP) detector located at the end of the straight section
opposite to the side where photoexcitation takes place.

The compounds corresponding to 4a and 4b were prepared ac-
cording to ref. [15].

Computational Methods: CC2/aug-cc-pVTZ calculations were per-
formed on MP2/TZVPP optimized geometries using Turbomole

(tm61).[16] The first-order transition state for the NO cleavage reac-
tion for 4a has been optimized with B3LYP/TZVPP, checked for trip-
let singularities and its energy corrected by the zero-point vibra-
tional energy from the full Hessian. For the Arrhenius analysis, un-
scaled vibrational frequencies from B3LYP/TZVPP were used.
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a b s t r a c t

A new oligo(p-phenyleneethynylene) (OPE3) was synthesized by step-wise Pd-catalyzed cross-coupling
reactions. The molecule incorporates an amine functionality, which allows for transfer of the protonated
molecule to the gas phase by electrospray ionization leaving the OPE entity neutral. This method has
allowed for the first experimental gas-phase absorption spectrum of an OPE3 by action spectroscopy,
employing an electrostatic ion storage ring in combination with a laser system. The studies reveal the
effect of having a positive charge in proximity to the conjugated backbone of OPE3 in the absence of any
interfering solvent molecules. In addition, ionization energies and electron affinities of OPE2–OPE17
were calculated at the density functional theory (DFT) level.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Conjugated polymers have found wide applications in materials
chemistry as laser dyes, light-emitting diodes, organic conductors,
photoconductors and nonlinear optical (NLO) materials.1 Their
materials’ properties are to a large extent determined by the optical
band gap. The poly(p-phenyleneethynylene)s (PPEs) represent one
type of conjugated polymers that by suitable functionalization can
be employed, for example, for explosive detection or polarizers for
LC displays.2 In the conjugated oligomer approach,3 the optical
properties of a series of monodisperse oligomers are investigated
and then extrapolated to ideal infinite polymers. These conjugated
oligomers are interesting in their own right, for example, as mo-
lecular wires for molecular electronics.4

One challenge is to make meaningful comparisons between
experimental excitation energies obtained in solution or in the solid
state and those calculated by quantum chemical means on isolated
molecules. Intermolecular or molecule–solvent interactions as well
as solid-state packing effects may perturb the electronic structure
and cause a shift in the transition energy. This problem calls for
studies on isolated molecules in the gas phase, free of a disturbing
environment. However, often the macromolecules are too fragile to

be evaporated for gas-phase absorption spectroscopy. Instead
charged chromophores can often be brought in the gas phase by
electrospray ionization (ESI) and their absorption can then be
measured by sophisticated action spectroscopy techniques, that is,
absorption is monitored by a detection of ionic fragmentation. In
Aarhus, we use the electrostatic ion storage ring, ELISA,5 as a gas-
phase optical cell for such measurements. As an example, several
biochromophores have been investigated using this approach,
shedding light on absorption tuning by protein interactions.6

For investigating neutral chromophores by this method, we
need to attach a charged group, a so-called spectator charge, to
allow for electrospray ionization. Otherwise the chromophore itself
would become charged under the conditions. This spectator charge
should be placed at a remote position if the goal is to reveal the
intrinsic properties of the neutral chromophore; i.e., the spectator
charge should for this purpose be placed at a position at which it
does not interfere with the chromophore. On the other hand, the
method also allows us to investigate systematically the influence of
approaching a positive or negative charge to the chromophore. We
became interested to explore the properties of oligo(p-phenyl-
eneethynylene)s (OPEs, Fig. 1) and present here the synthesis of an
OPE3 incorporating an amino group as protonation site. The first
experimental gas-phase absorption spectrum was recorded of this
OPE under the influence of a positive ammonium group as spec-
tator charge. The result of this nontrivial experiment can be com-
pared directly with quantum chemical calculations. In addition, the

* Corresponding authors.
E-mail addresses: sbn@phys.au.dk (S.B. Nielsen), mbn@kiku.dk (M.B. Nielsen).
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intrinsic properties of OPEs were investigated in a computational
study of ionization energies and electron affinities.

2. Results and discussion

2.1. Synthesis

The synthesis of the OPE3 model compound is shown in
Scheme 1. We chose to attach an amine functionality, being
precursor for an ammonium spectator ion, by an ethyl linker to the
chromophore. First, a Sonogashira cross-coupling reaction7

between phenylacetylene 1 and aryl iodide 28 gave compound 3.
This compound was desilylated using K2CO3 in MeOH/THF, and the
resulting terminal alkyne was then subjected to a cross-coupling
reaction with the aryl bromide 4 to furnish the OPE3 5. Here the
catalyst conditions for coupling of aryl bromides developed by
Hundertmark et al.9 were employed. These conditions allowed
coupling of the aryl bromide 4 at 40 �C. The product 5 exhibited
limited solubility, but it was soluble enough to allow for the gas-
phase spectroscopic studies aimed at.

2.2. Gas-phase action spectroscopy

Gas-phase experiments on the OPE3 5 were carried out at the
ELectrostatic Ion Storage ring in Aarhus (ELISA). The experimental
setup is shown in Figure 2 and has been described in detail
elsewhere.5,6 Electrospray ionization of 5 dissolved in water and
methanol (1:1) with 5% acetic acid added produced the bare 5$Hþ

ions in the gas phase. Ions were accumulated for 0.1 s in a 22-pole
ion trap in which they were thermalized from collisions with
helium buffer gas. The ion bunch was accelerated to 22-keV ki-
netic energies, and selection of ions of interest according to their
mass-to-charge ratio was then done by a bending magnet (5$Hþ:
m/z¼378). These ions were injected into the ring and stored. The
storage time in the ring was about a second, limited by collisions
with residual gas at a pressure of a few times 10�11 mbar. Ionic
dissociation in the same side as the injection side was monitored
from counting the neutral particles that hit the microchannel plate
detector at the end of the section. After about 35.1 ms, ions were
irradiated with a 4-ns pulse of light from an EKSPLA laser that
produced tunable light between 210 and 390 nm. Light absorption
was monitored by an increased yield of neutrals from delayed
dissociation of the photoexcited ions. A measurement of the
neutrals yield divided by the number of photons in the pulse and
normalized to the yield from collision induced dissociation as
a function of wavelength provided the absorption spectrum.

The decay spectrum of isolated 5$Hþ ions in the ring is
shown in Figure 3. The revolution time of the ions in the ring is

OPE3

H

n

OPE(n+1)

"spectator charge"
- allows for ESI H

n

Figure 1. Oligo(p-phenyleneethynylene)s (OPEs). To allow for electrospray ionization
(ESI), a charged group is attached, a so-called spectator charge.

1 m
Micro-channel plate
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Laser

Laser pulse

Accelerator with
electrospray ion source
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Laser power meter Ion bunch
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Figure 2. The electrostatic ion storage ring in Aarhus, ELISA, in combination with
a laser system. The photofragment yield was measured as a function of wavelength
from the signal of neutrals hitting the detector. See text for details.
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78 ms. The high number of neutrals detected immediately after
injection is due to metastable ions that have been excited during
extraction from the ion trap. After a few milliseconds, the signal
is dominated by collisional decay in the ring. After 35.1 ms, the
ions were photoexcited with 320-nm light, which resulted in
a large number of neutrals from delayed ionic dissociation. The
decay is due to one-photon absorption according to a power
dependence study (data not shown) and is well-described by an
exponential with a time constant of 46 ms. From a separate ex-
periment in which ring voltages were switched to store daughter
ions,10 the dominant reaction channel was found to be loss of
ammonia.

In Figure 4 we present the absorption spectrum of bare 5$Hþ

ions. The gas-phase spectrum reveals maximum absorption at
lmax¼357 nm, a shoulder at ca. 317 nm and an absorption band
with maximum below 210 nm, the lower limit of the laser. Previous
solution studies (in hexane) on the parent unsubstituted OPE3
revealed an absorption maximum at 319 nm and a shoulder at
338 nm.11 In chloroform, absorption at 322 nm was reported and in
dioxane at 320 nm.12 For compound 6 incorporating two ethyl
substituents at the central ring, a slightly redshifted absorption
maximum at 327 nm in dichloromethane was reported.13 It is
noticed that the absorption band of the neutral chromophore in
solution phase is in between the two bands observed for the cation
in gas phase. Since a small redshift of the absorption is expected if
the cation is dissolved in an apolar solvent, the difference between
the absorption of the cation and neutral chromophore must be
ascribed to the presence of the charged ammonium group. In other
words, the ammonium group is not an innocent spectator when
placed at the current position. A simple explanation of the two
bands of the cation is an asymmetric charge distribution in the
excited state: either the active electron is closer to the positive
charge in the excited state than in the ground state or it has moved
in the opposite direction, away from the charge. In the first case, we
have an excited state that is stabilized more than the ground state
and in the second a ground state that is stabilized more than the
excited state by the presence of the charge. This model would result
in one band to the blue and one to the red relative to the neutral
chromophore. To test this idea, we plan in the future to place an
ammonium group symmetrically at both sides of the chromophore,
in which case only a single band is expected. In another approach,
the spectator charge is to be placed at a more remote position in
order not to interfere with the absorption properties.

6

7

James et al.14 have calculated the excitation energy of the
parent OPE3 and obtained a value of 360 nm using time-de-
pendent density functional theory (TD-DFT) and a value of 365 nm
at the ZINDO/S level. We also performed TD-DFT calculations
(B3LYP/6-311þþG*) on B3LYP/6-31G(d) geometry-optimized
structures using the Gaussian 03 program package.15 The calcu-
lated value for the neutral, parent OPE3 is 367 nm, while the ethyl-
substituted OPE3s 6 and 7 exhibit slightly redshifted values of 370
and 374 nm, respectively. Despite the fact that the calculated
values are close to the experimental one, they still seem to over-
estimate the intrinsic absorption maximum as the experimental
value is influenced by the positive charge in proximity to the
conjugated system.

2.3. Computational study: ionization energies and electron
affinities

A selection of OPE(n)s (n¼2–17) was geometry-optimized at
the semi-empirical PM3 level. The structure of fully planar
OPE17 is shown in Figure 5. Then, single-point energies were
calculated at the B3LYP/6-311þþG(2d,p) level on the neutral,
radical cation and radical anion structures (using the geometries
of the neutral molecules). From these data, the vertical ioniza-
tion energies (IE) and vertical electron affinities (EA) were cal-
culated and collected in Table 1. These energies are plotted as
a function of the inverse total number (N) of p-electrons in
Figure 6. Linear extrapolation to an infinite PPE provides an IE of
5.80 eV. Hovewer, it should be noted that the points do not
follow a straight line perfectly, and this IE of an infinite polymer
seems to be slightly overestimated. For comparison, an experi-
mental IE of PPE was determined to be 6.3 eV with ultraviolet
photoelectron spectroscopy and 5.8 eV with cyclic voltamme-
try.16 By extrapolation of the calculated data, an EA of 2.34 eV
for PPE is obtained. Deviation from a perfect straight line is
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Figure 4. Absorption spectrum of 5$Hþ ions isolated in vacuo. The grey box indicates
the region in which lmax is usually found in solution for OPE3s (see text for details).

Figure 5. PM3-optimized structure of planar OPE17.

Table 1
Vertical ionization energies (IE) and electron affinities (EA) calculated at the B3LYP/
6-311þþG(2d,p) level on PM3 geometry-optimized neutral structures

OPE2 OPE3 OPE4 OPE5 OPE6 OPE7 OPE8 OPE9

IE/eV 7.60 7.02 6.72 6.54 6.41 6.31 6.27 6.19
EA/eV 0.17 0.84 1.19 1.40 1.57 1.70 1.79 1.88

OPE10 OPE11 OPE12 OPE13 OPE14 OPE15 OPE16 OPE17

IE/eV 6.15 6.14 6.05 6.03 6.01 5.94 5.93 6.01
EA/eV 1.94 1.97 2.02 2.06 2.09 2.12 2.15 2.16
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more significant here and may underestimate the EA of PPE by
ca. 0.1 eV. Subtracting the linearly extrapolated IE and EA values
gives a band gap of 3.46 eV for PPE. This value is the estimated
band gap of an isolated, completely planar PPE. For comparison,
alkyl-substituted PPEs typically exhibit a broad unresolved ab-
sorption in solution at 384/388 nm (ca. 3.2 eV), and an absorp-
tion in films at 435 nm (2.9 eV).2,17

3. Conclusions

An OPE3 incorporating an amino functionality was prepared by
step-wise cross-coupling reactions. The amino group allows for
transfer of the chromophore as the protonated species to the gas
phase by electrospray ionization. Electrospray ionization in com-
bination with the storage ring technique prevents the necessity for
evaporating the molecules in order to perform gas-phase spec-
troscopy and we have measured the first experimental gas-phase
absorption spectrum of an OPE3 ammonium cation. The major
absorption maximum is found to be significantly redshifted in
the gas phase as compared to solution phase, which is ascribed to
the stabilizing effect of the excess charge on the diffuse pp* state.
The method is by no way trivial and the optical properties of other
OPE model compounds await to be investigated in future work.
In addition, we have calculated vertical ionization energies and
electron affinities for a large selection of OPEs and predict by ex-
trapolation values of 5.80 and 2.34 eV, respectively, for an isolated,
completely planar PPE.

4. Experimental

4.1. General experimental procedures

Dry solvents were provided by an Innovative Technology Pure-
solv apparatus, or dried over 4 Å molecular sieves. Merck silica gel
(0.040–0.063 mm) was used for flash column chromatography. TLC
was performed on silica gel coated aluminium foils (Merck alumina
foil 60 F254). NMR spectra were obtained using a Varian 300 MHz
NMR spectrometer at room temperature. Fast Atom Bombardment
(FAB) mass spectra were obtained on a Jeol JMS-HX 110 Tandem
Mass Spectrometer in the positive ion mode. Electrospray ioniza-
tion spectra were recorded on a ZAB-EQ (VG-Analytical) in-
strument. Melting points were measured on a Reichert melting
point apparatus equipped with a microscope and are uncorrected.
Elemental analyses were performed at Department of Chemistry,
University of Copenhagen.

4.2. 1,4-Diethyl-2-(phenylethynyl)-5-(trimethylsilylethynyl)-
benzene (3)

To a solution of the iodide 2 (0.51 g, 1.43 mmol), Pd(PPh3)2Cl2
(50 mg, 0.07 mmol) and CuI (24 mg, 0.13 mmol) in THF (10 mL)
were added phenylacetylene 1 (0.20 mL, 1.7 mmol) and Et3N
(2 mL). The reaction mixture was stirred for 24 h under Ar. Then, it
was diluted with CH2Cl2 (20 mL) and washed with saturated
aqueous NH4Cl (20 mL). The organic phase was dried with MgSO4,
filtered and concentrated in vacuo. Purification by flash chroma-
tography (SiO2, c-hexane) gave the product as a colourless oil
(0.38 g, 80%). 1H NMR (CDCl3, 300 MHz) d¼0.28 (s, 9H, CH3), 1.27 (t,
J¼7.5 Hz, 3H, CH3), 1.30 (t, J¼7.4 Hz, 3H, CH3), 2.79 (q, J¼7.5 Hz, 2H,
CH2), 2.84 (q, J¼7.4 Hz, 2H, CH2), 7.36 (m, 5H, Ar), 7.54 (m, 2H, Ar).
13C NMR (CDCl3, 75 MHz) d¼0.23, 14.77, 14.95, 27.37, 27.40, 88.38,
94.30, 99.36, 104.07, 122.54, 122.87, 123.66, 128.53, 128.63, 131.72,
131.74, 132.07, 143.56, 144.19. MS (FAB): m/z¼330 (Mþ). Anal. Calcd
for C23H26Si: C, 83.57; H, 7.93. Found: C, 83.51; H, 8.17.

4.3. 1-[4-(2-Aminoethyl)phenylethynyl]-2,5-diethyl-4-
(phenylethynyl)benzene (5)

Compound 3 (0.121 g, 0.367 mmol) was treated with K2CO3

(0.20 g, 1.4 mmol) in a MeOH/CH2Cl2 mixture (1:1, 10 mL). After
complete desilylation (judged by TLC, approx. 45 min), the mixture
was diluted with Et2O (20 mL) and washed with water (2�20 mL).
The organic phase was dried with MgSO4, filtered and concentrated
in vacuo to furnish the deprotected alkyne. Pd(PhCN)2Cl2 (25 mg,
0.065 mmol) and CuI (6 mg, 0.03 mmol) were dissolved in THF
(1 mL) and toluene (1 mL). Then, i-Pr2NH (0.34 mL) and t-Bu3P
(0.25 mL, 10% in hexanes) were added to this catalyst mixture. The
catalyst solution was then added to the deprotected alkyne and aryl
bromide 4 (0.109 g, 0.55 mmol) under argon, and the reaction
mixture was left overnight at 40 �C. The mixture was concentrated
in vacuo, whereupon the residue was dissolved in warm toluene.
Pentane was added to precipitate the product as a slightly yellow
solid (37 mg, 25%) of limited solubility. Mp 180 �C (decomp.). 1H
NMR (DMSO-d6, 300 MHz): d¼1.21 (m, 6H, CH3), 2.75–3.03 (m, 8H,
4�CH2), 7.21 (d, J¼7.2 Hz, 2H, Ar), 7.34 (d, J¼7.3 Hz, 2H, Ar), 7.44 (m,
2H, Ar), 7.50 (m, 3H, Ar). HRMS (ESI): m/z¼378.2211 (MHþ); calcd
for C28H28N: 378.2216.
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Photodissociation of protonated GW, WG (G ) glycine, W ) tryptophan), and their complexes with 18-
crown-6-ether (CE) was performed in an electrostatic ion storage ring using a tunable laser system. On the
basis of lifetime measurements, action spectra were obtained from 210 to 360 nm. These reveal that whereas
[GW + H]+ absorbs maximally at ∼220 nm, the absorption maximum is <210 nm for [WG + H]+, which
is in good accordance with density functional theory calculations that predict band maxima at 221 and 212
nm, respectively. This difference in absorption is ascribed to the ammonium group interacting with the indole
ring in the case of GW, thereby lowering the energy of the excited state more than that of the ground state.
A broad band at higher wavelengths is observed for WG but not for GW, which again may be linked to
differences in conformational structures between the two ions. Absorption spectra for the two CE tagged ions
are very similar to each other: The high-energy band is now <210 nm for both peptide ions, and they display
an absorption band with a maximum at 270 nm. The crown ether targets the ammonium protons, preventing
an interaction between ammonium and indole, and the photophysics of the two complexes is therefore similar.
The complexes have significantly longer lifetimes with respect to dissociation than the bare ions. Finally, we
report product ion mass spectra at two different excitation wavelengths, 210 and 270 nm. There are significant
differences between the two peptides, and the crown ether enhances certain channels, such as the loss of CO
+ H2O and the tryptophan side chain.

Introduction

In photobiology, the aromatic amino acids phenylalanine,
tyrosine, and tryptophan are highly important spectroscopic
probes for protein conformations and dynamics.1,2 They act as
markers because of the fact that their photophysics (i.e.,
absorption, fluorescence, and vibrational signatures) are highly
dependent on the chemical environment. To have a proper
reference for the intrinsic properties, it is necessary to establish
the electronic properties of amino acids without any perturba-
tions from solvent molecules, counterions, or other amino acids.
This requires gas-phase experiments on individual molecules.
Developments in mass spectrometry have allowed for studies
of fragile ions isolated in gas phase, and in recent years, a
significant amount of spectroscopy work has been done for
protonated amino acids and small protonated peptides.3-31

In the present work, we have subjected protonated GW and
WG dipeptides (Figure 1) to photodissociation experiments
using an electrostatic ion storage ring. The photoactive unit is
the indole chromophore of the tryptophan residue. For a
thorough discussion of the photophysics of indole and the
coupling of the initially reached ππ* state with other states,
such as the πσ* state on ammonium and the ππ* state on CO,
we refer to references 3, 7, and 31.

Similar experiments were carried out on complexes between
the peptide cations and 18-crown-6-ether (CE). Tagging the
ammonium group with CE causes at least two changes: (1) The
charge-transfer state located on ammonium, πσ*(NH3), is raised
in energy so that it is out of the spectral region for high
wavelengths, which implies that the hydrogen loss channel is

switched off.22,23 (2) The ammonium protons are no longer
mobile but stay sequestered at the nitrogen. Both of these
changes affect the dissociation lifetimes and channels.

Lifetime measurements, absorption spectra from 210 to 360
nm, and photodissociation mass spectra are presented. The
results are compared with density functional theory calculations
of excited states. This work is a continuation of recent studies
on protonated AY and YA dipeptides (A ) alanine, Y )
tyrosine) that were done by our group.23

Experimental Section

All compounds were purchased from Sigma-Aldrich.
Experiments were carried out at the electrostatic ion storage

ring in Aarhus (ELISA).32,33 Electrospray ionization was used
to produce the ions that were subsequently accumulated in a
22-pole ion trap and thermally equilibrated by collisions with a
helium buffer gas therein. The ions were accelerated as an ion
bunch to kinetic energies of 22 keV, and a bending magnet was
used to select the appropriate ions according to their mass-to-* Corresponding author. E-mail: sbn@phys.au.dk.

Figure 1. Structures of [GW + H]+ and [WG + H]+ dipeptides and
18-crown-6-ether.
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charge ratio. Following injection into the ring, the ions were
stored for ∼40 ms before being irradiated by a nanosecond light
pulse from a tunable EKSPLA laser. This is an Nd/YAG laser
where the third harmonic (355 nm) pumps an optical parametric
oscillator (OPO). The visible output from this OPO is frequency
doubled in a crystal providing UV light. The repetition rate of
the experiment was 10 Hz. Dissociation was a result of one
photon absorption according to a power-dependence study.
Lifetimes were obtained from measurements of the yield of
neutrals hitting the microchannel plate (MCP) detector located
at the end of the straight section opposite to the side where
photoexcitation was performed. It should be mentioned that
because daughter ions have lower kinetic energies than those
of the parent ions, they are not stored in the ring. An exception
to this is dehydrogenated ions because their kinetic energies
are too close to those of the parent ions to be differentiated.

In separate experiments, the ring voltages were changed at a
particular time after photoexcitation to store product ions with
the appropriate kinetic energy. This product ion mass spectro-
scopy was possible because ELISA has been equipped with
pulsed power supplies of microsecond response times.34 After
a specific number of revolutions, the product ions were dumped
into the MCP detector. To increase the resolution, a beam
scraper was put in on one side of the ring. The signal from the
detector as a function of the scaling of the ring voltages provided
the product ion mass spectrum.

The pressure in the ring was a few times 10-11 mbar, which
set an upper limit of seconds on the storage time.

Results and Discussion

Protonated GW and WG. Time spectra of [GW + H]+ and
[WG + H]+ after photoexcitation at either 210 or 270 nm,
measured by detecting the neutral fragments on one side of the
ring, are shown in Figure 2. This experiment is a delayed
dissociation experiment meaning that the dissociation of ions
in the laser interaction region is not being sampled. Therefore,
the neutrals were produced ∼36 µs after photoexcitation in the
first instance and then after successive rotations in the ring.
Three exponentials are required to fit the data. The two fastest
decays had time constants of submilliseconds, whereas the
slowest decay, with a time constant of 0.5 s, is associated with
collision-induced dissociation (CID) of nonirradiated ions.

The lifetime due to collisions is calculated to be 3 s on the
basis of an ion speed of 105 m/s and an estimate of the mean
free path in the ring of 3 × 105 m.35 Please note that there is an
uncertainty in the value for the collision cross section, which
introduces an uncertainty in the calculated lifetime value. In
addition to collisional losses, nonideal storage ring conditions
could also contribute to ion losses. Nevertheless, the calculated
value is close to the measured one (0.5 s). Ultimately, however,
the time constant for ion losses is incidental as long as it is
significantly longer than the lifetimes of the photoexcited ions
(submilliseconds).

The short time constant is associated with ions that after
photoexcitation return to the electronic ground state and then
dissociate statistically. It is possible that the second decay is
due to excitation into a triplet state, but it is more likely a tail
associated with the first decay due to the width of the energy
distribution, as has been described in detail previously.21,36 From
fits to the experimental data, it was possible to extrapolate back
to time zero, defined as the time when the laser was fired, to
obtain the total number of photoexcited ions for each wavelength
used (relative, not absolute, number) and subsequently deduce
the absorption from this information.

Figure 3A shows the absorption spectra for the two peptide
ions. It can be seen that GW displays an absorption band with
a maximum at 220 nm, whereas the usual band seen for W at
higher wavelengths is absent. In our experiment, we rely on
the dissociation that occurs on a time scale that is longer than
10 µs but still shorter than the time scale for CID to identify
absorption. Ions that have lost hydrogen because of a crossing
from the initially reached ππ* state to the πσ*(NH3) state are
stored in the ring along with the parent ions, but most of the
radical cations likely have too little internal energy for further
dissociation at the high wavelengths because the hydrogen
carries away some kinetic energy, as has been explained in detail
for AY and YA.23 In the case of WG, the high-energy absorption
band is below 210 nm (the lowest accessible wavelength in our
experiment), but a broad absorption band is now seen between
220 and 290 nm.

Because the lifetimes are short and comparable to ion
revolution times (72 µs), it is possible that we, at low
wavelengths, obtain too small an absorption, which will skew
the absorption band to the red. This problem is largest for WG

Figure 2. Time spectra of (A) [GW + H]+ and (B) [WG + H]+ after
210 and 270 nm photoexcitation. The time resolution is 72 µs.

Figure 3. Absorption spectra of (A) [GW + H]+ and [WG + H]+

and (B) [GW + H]+(CE) and [WG + H]+(CE) in vacuo. Solid lines
are drawn to guide the eye.
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because its lifetime is shorter than that of GW at low
wavelengths. (See Figure 2.) However, any appropriate correc-
tion along this line will still result in the absorption band of
GW being to the red of that of WG and WG absorbing
maximally below 210 nm.

An explanation for the difference in absorption in the low
wavelength region may be linked to the conformation of the
ions: Fujihara et al.28,29 have shown that the structure of
[WG + H]+ is different from that of [GW + H]+ or [AW +
H]+. In the latter two, the ammonium group interacts directly
with the indole π-electron cloud, which has the effect of red-
shifting the La band. The conformation also determines the
electronic coupling between the ππ*(indole) and πσ*(NH3)
states. Because the ammonium group is close to the indole for
GW, there is most likely more H loss for GW than for WG,
resulting in [GW]+• radical cations that are too cold for further
dissociation. The absence of a peak in the high wavelength
region for GW is therefore the result of an instrumental
limitation in this kind of action spectroscopy.

Time-dependent density functional theory calculations37

(TDB3LYP/6-311++g(2d,p)//B3LYP/6-31G(d) level of theory)
of the most stable [WG + H]+ structure found by Fujihara et
al.28 predict the absorption band maximum to be at 212 nm,
whereas a [GW + H]+ structure similar to the most stable [AW
+ H]+ structure (isomer IIIa in ref 28) has the maximum at
221 nm (Figure 4). These results are in full agreement with our
experimental findings, which suggests that these species cor-
respond to the most abundant isomers under the present
experimental conditions. It should be noted that, in general,
predictions made by TDDFT calculations can be off by a few
tenths of an electronvolt, and the agreement should thus be taken
with some caution. However, the 10 nm shift of the absorption
band maximum is well-reproduced at a lower level of theory
(TDB3LYP/6-31G(d)), although the predicted values are slightly
shifted toward shorter wavelengths (211 and 201 nm for
[GW + H]+ and [WG + H]+, respectively).

Next, we recorded photodissociation mass spectra. Repre-
sentative examples at 210 and 270 nm are shown in Figures 5
and 6. In this experiment, we sample fragment ions formed up
to ∼24 µs after photoexcitation. Note that the lifetime experi-
ment first sampled ionic dissociation after 36 µs. The spectra

were calibrated on the basis of a comparison with previously
published mass spectra by Fujihara et al.28 More lower-mass
ions are formed at 210 nm than at 270 nm, which is indicative
of consecutive dissociations. Significantly, the 270 nm spectrum
for [GW + H]+ clearly shows that the ions do indeed absorb
light at this wavelength even though a band appears to be absent
in the action spectrum. Note that the relative fragment ion
intensities change in time because the dissociation of ions with
lower and lower internal energies are being sampled. Therefore,
in the lifetime experiments where fragmentation was measured
on a longer time scale, ions formed after two consecutive

Figure 4. Calculated absorption spectra of (A) [GW + H]+ and (B)
[WG + H]+.

Figure 5. Photodissociation mass spectra of (A) [GW + H]+ (m/z
262), (B) [WG + H]+, (C) [GW + H]+(CE) (m/z 526), and (D) [WG
+ H]+(CE) after 210 nm photoexcitation. The -SC(W) label refers to
the loss of the tryptophan side chain. An assignment labeled, for
example, -CO, H2O, means the loss of both CO and H2O.

Figure 6. Photodissociation mass spectra of (A) [GW + H]+ (m/z
262), (B) [WG + H]+, (C) [GW + H]+(CE) (m/z 526), and (D) [WG
+ H]+(CE) after 270 nm photoexcitation. The -SC(W) label refers to
the loss of the tryptophan side chain. An assignment labeled, for
example, -CO, H2O, means the loss of both CO and H2O.
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dissociations, such as the y+-NH3 ions, are less dominant (data
not shown). Much more ammonia loss is observed at 210 nm
than at 270 nm for [WG + H]+. This is likely to be accounted
for by the more favored population of the πσ*(NH3) state at
210 nm, followed by prompt dissociation along the repulsive
C-N coordinate. The fragmentation patterns of the two peptide
ions are similar to those previously reported for [AW + H]+,
[LW + H]+, [WL + H]+, and [GWG + H]+ after UV
photoexcitation24-28 and will not be further commented on here.

Crown Ether Complexes. Sample time spectra for [GW +
H]+(CE) and [WG + H]+(CE) after 210 and 270 nm photoex-
citation are shown in Figure 7. Clearly, the time constants for
dissociation are now longer than those for the bare ions by an
order of magnitude or so. It should also be noticed that the
excited GW complex lives longer than the WG one, which
implies that the barrier for dissociation is higher for [GW +
H]+(CE) than for [WG + H]+(CE), the prefactor is lower, or
both. The crown ether tag prohibits hydrogen loss, and as a
result, we sample the decay of vibrationally hot intact ions.

The lifetime spectra were used to obtain the absorption spectra
in Figure 3B. The high-energy band now has its maximum
below 210 nm for both ions, which is in accordance with open
structures where there is no interaction between the ammonium
group and the indole ring. This is in agreement with previous
measurements on protonated tryptophan and tryptamine that both
absorb maximally below 210 nm, either with or without crown
ether attached.22,38 For comparison, tryptophan displays an
absorption band at 216 nm (1Bb transition) in solution,39 and
hence hydration causes a red shift of >6 nm (0.2 eV). The lower-
energy band is more or less identical for the two ions with a
band maximum at ∼270 nm, which is again in accordance with
similar open structures.

Photodissociation mass spectra taken at 210 and 270 nm of
[GW + H]+(CE) and [WG + H]+(CE) are shown in Figures 5
and 6 (fragments formed up to ∼31 µs). Except for changes in
relative intensities, the spectra are quite similar at the two
wavelengths. One important peak could be from either formation
of (CE)H+ (m/z 265) or [peptide + H]+ (m/z 262); we cannot
tell which one is formed because the difference in mass is three
and our mass resolution and calibration are too poor. The peaks
at m/z 281 and m/z 245 can be assigned to CE(NH3)+ and
[peptide + H]+-NH3, respectively. In the latter case, the ion is

formed after the loss of both CE and NH3. Another dominant
channel is the loss of both H2O and CO (m/z 480). This is a
much more important pathway for these ions than for the bare
peptide ions. The πσ*(NH3) state has moved out of the spectral
region because of CE attachment, and it is therefore now more
likely for the electron to jump to the ππ*(COOH) state. Earlier
explanations for the prompt loss of H2O and CO involve proton
transfer subsequent or concomitant to the population of an
antibonding orbital on the carboxylic acid group.7 The channel
leading to the loss of these two molecules is observed to be
more important for [GW + H]+(CE) than for [WG + H]+(CE),
which is due to the indole being closer to the carboxylic acid
group in the former. A further channel of significance, which
also arises from the population of the ππ*(COOH) state, is the
loss of the W side chain. As discussed earlier for protonated
tryptophan, the resultant radical character of both the indole
ring and the carboxylic carbon drives the CR-C� bond break-
age.7 A similar finding was obtained for [AY + H]+(CE) and
[YA + H]+(CE), where photoexcitation led to the loss of the
tyrosine side chain.23 Finally, an intriguing peak at m/z 338 in
the GW spectrum appears to suggest the formation of c+(CE)
ions. This may be a result of the electron jumping to the amide
group, followed by N-CR bond breakage; the photoactive
electron essentially does the same job as the electrons involved
in the electron capture dissociation of peptide ions.40,41 Interest-
ingly, such charge transfer from the ππ* state of indole to the
amide group of the peptide backbone has been shown by Callis
et al.42 to quench fluorescence of proteins. It is unclear why
N-CR bond cleavage is not observed for WG.

Conclusions

To summarize, we have found that the high-energy absorption
band close to 210 nm of protonated GW and WG dipeptides
strongly depends on the ion conformation. An interaction
between the ammonium group and the indole ring causes a red
shift of the band, but this interaction can be canceled by the
attachment of crown ether to ammonium. The low-energy
absorption band at 270 nm is the same for the two peptides
when tagged by crown ether because both peptides are in open
structures with no internal ionic hydrogen bonding. Finally, the
crown ether increases the importance of crossing from the
initially reached ππ* state to electronically excited states other
than the πσ* state on ammonium, for example, the ππ* states
located on either the carboxylic acid or the amide.
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Photodissociation of protonated tryptophan and alteration of dissociation
pathways by complexation with crown ether
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The behavior of protonated tryptophan �TrpH+� and its complex with 18-crown-6-ether �CE� after
photoexcitation has been explored based on measurements of dissociation lifetimes, fragmentation
channels, and absorption spectra using an electrostatic ion storage ring. A recent implementation of
pulsed power supplies for the ring elements with microsecond response times allows us to identify
the daughter ion fragment masses and to disentangle fragmentation that occurs from excited states
immediately after photoexcitation from that occurring on a longer time scale of several
microseconds to milliseconds. We find that attachment of crown ether significantly alters the
dissociation channels since it renders the ��*�NH3� state inaccessible and hence prevents the N–H
bond breakage which is an important fragmentation channel of TrpH+. As a result, on a long time
scale ��10 �s�, photoexcited TrpH+�CE� decays exponentially whereas TrpH+ displays a
power-law decay. The only ions remaining in the latter case are Trp+· radical cations with a broad
internal energy distribution caused by the departing hydrogen. Large changes in the fragment
branching ratios as functions of excitation wavelength between 210 and 290 nm were found for both
TrpH+ and TrpH+�CE�. © 2008 American Institute of Physics. �DOI: 10.1063/1.3009222�

I. INTRODUCTION

The photophysics and dissociation dynamics of isolated
protonated tryptophan �Fig. 1� in the gas phase have been
studied in great detail in recent years1–12 because this amino
acid plays a dominant role in protein photobiology. After UV
excitation of an electron in the indole aromatic ring to a ��*

state, there are several deexcitation pathways available in
addition to fluorescence. Internal conversion to the electronic
ground state followed by intramolecular vibrational redistri-
bution of the energy leads to vibrationally excited ions that
dissociate statistically within a few nanoseconds by loss of,
e.g., ammonia. The ��* state can also couple with a lower
lying repulsive ��*�NH3� state, located on the ammonium
group �charge transfer �CT� state�, that dissociates along the
NH bond to give the tryptophan radical cation, Trp+·. Since
the hydrogen atom can depart with a kinetic energy within a
broad range, the internal energy distribution of Trp+· is
broad. According to lifetime measurements, subsequent dis-
sociation �C�–C� bond rupture� occurs on a microsecond to
millisecond time scale.2,5 This is different from the case of
protonated tyrosine, where the ��*�NH3� state is situated at
a higher energy, making the NH fragmentation pathway less
accessible.13 Another recently suggested pathway is internal
conversion from the indole ��* state to a state where the
photoexcited electron is located on the oxygen of the carbo-
nyl group, a ��*�CO� CT state. This also results in breakage
of the C�–C� bond due to the radical character of the indole
cation or in loss of H2O and CO after internal proton transfer
from the ammonium group to the carboxylic acid group.1 A

more complete description of the fragmentation channels in-
cluding their time scales can be found in Refs. 1–3.

In this work, we have explored the photophysics of
TrpH+ and of the complex between TrpH+ and 18-crown-6-
ether �Fig. 1�. The recombination energy of CH3–NH3

+, for
example, is calculated to be about 2.5 eV higher than that of
CH3–NH3

+�CE�.14 Hence, the energy cost of transferring an
electron from indole to the ammonium group of protonated
tryptophan is about 2–3 eV higher when crown ether is
bound. The ��* state is therefore raised with this amount of
energy for TrpH+�CE� compared to TrpH+. This is under the
assumption that the stabilizing effect of the indole positive
charge on the ammonium radical is similar for the bare ion
and for the complex. The increase in energy of the ��* state
renders it inaccessible after 260 nm excitation. In other
words, the state is switched off, and it does not contribute to
the dissociation dynamics of the cation anymore. The impact
on the ��*�CO� state, on the other hand, is expected to be
much smaller. We find that the dissociation kinetics and frag-
mentation patterns are indeed changed upon crown ether
complexation. In addition, we report the absorption spectra
of TrpH+ and TrpH+�CE� as well as the branching ratios
between the fragmentation channels as functions of wave-
length between 210 and 290 nm.

II. EXPERIMENTAL

The experiments were performed at the electrostatic ion
storage ring in Aarhus �ELISA�, which has been equipped
with pulsed power supplies of microsecond response times to
allow for daughter ion mass spectrometry.15–17 Ions were
produced by electrospray ionization and accumulated in aa�Electronic mail: kumesh@phys.au.dk
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22-pole ion trap where they were thermally equilibrated by
collisions with a helium buffer gas. The ions were acceler-
ated as an ion bunch to kinetic energies of 22 keV, and those
of interest were selected by a bending magnet. After injec-
tion into the ring, the ions were stored for about 35 ms be-
fore being irradiated by a nanosecond light pulse from an
EKSPLA laser. The repetition rate of the experiment was
10 Hz. Lifetimes were obtained from measurements of the
yield of neutrals hitting the microchannel plate �MCP� detec-
tor located at the end of the straight section opposite to the
side where photoexcitation was performed. The dependence
of the fragmentation yield on laser power was checked in the
case of TrpH+ and found to be linear in the range of inten-
sities used. In separate experiments, ring voltages were
changed at a particular time after photoexcitation to store
daughter ions with the appropriate kinetic energy. After 12
revolutions �in the case of TrpH+�, the daughter ions were
dumped into the MCP detector. The signal from the detector
as a function of the scaling of the ring voltages provided the
daughter ion mass spectrum. The pressure in the ring was of
the order of 10−11 mbar, which set an upper limit of seconds
on the storage time.

III. RESULTS AND DISCUSSION

First, we consider the fragmentation channels of TrpH+

after 266 nm photoexcitation. A daughter ion mass spectrum
recorded right after photoexcitation is shown in Fig. 2�a�. In
this experiment, dissociation was sampled between 0 and
15 �s after photon absorption. The fragmentation spectrum
is in good agreement with previously published spectra1,2,6,11

except for differences in the relative ratios of the peaks. For
example, the m /z-170 peak, corresponding to the ion formed
after consecutive loss of NH3 and H2O, is higher in our
experiment. This may be due to different fragmentation sam-
pling times: �5 �s in Refs. 1 and 2, 1 s in Ref. 6, and

�15 �s in our experiment. The other channels are loss of
NH3 �m /z 188�, CO and H2O �m /z 159�, NH3 and CO2 �m /z
146�, NH3 and C2H2O �m /z 144�, C2H3NO2 �m /z 132�, and
glycine �m /z 130� with the accompanying fragment ion
masses given in brackets. Since the resolution was quite
poor, we cannot distinguish between m /z 130 and m /z 132
and between m /z 144 and m /z 146 and rely on assignments
from previous works.1,2,6,11 As the yields of fragment ions in
our experiment increase linearly with the laser power, we can
conclude that they are all formed after absorption of a single
photon.

In a separate experiment, the photoexcited ions were
stored for 57 �s before the ring voltages were switched to
store fragment ions and produce the daughter ion mass spec-
trum shown in Fig. 2�b�. Two dominant fragmentation chan-
nels were observed, one loss of ammonia and the other loss
of glycine. For the former case, we presently have no expla-
nation why NH3 loss should be such a dominant channel.
One possibility is fluorescence to the ground state �elec-
tronic� in a higher vibrational state leading to slow loss of
NH3. The latter is associated with the breakage of the C�–C�

bond, which gives a fragment ion with m /z 130. The
m /z-130 fragment ion dominates the dissociation of Trp+·

radical cations formed either by electron impact or photoion-
ization of Trp.3,18,19 The daughter ion mass spectra support
the fact that a fraction of TrpH+ lose hydrogen immediately
upon photoexcitation, and that dissociation at long times is
due to the fragmentation of the resulting Trp+· ions with a
kinetic energy of 21.9 keV �204 /205�22 keV�. Storage of
these ions in the ring is possible within the energy accep-
tance of the electrostatic elements.1

To suppress or eliminate the hydrogen-loss channel, ex-
periments on the complex between protonated tryptophan
and crown ether were done. The fragmentation after photo-
excitation of TrpH+�CE� �m /z 469� is different from that of
bare TrpH+ �Fig. 3�, and the dissociation is well described by
a single exponential with a time constant of 0.219 ms �Fig.
4�. The deviation at late times is due to the fact that all
TrpH+ ions do not have exactly the same internal energy, and
ions belonging to the lower energy part of the distribution

FIG. 1. Structures of TrpH+ and TrpH+�CE� optimized at the B3LYP/6-31G
level of theory.

FIG. 2. Photodissociation mass spectra of TrpH+. �a� Fragment ions formed
up to 15 �s after photoexcitation. �b� Fragment ions formed between 57 and
72 �s after photoexcitation. Wavelength=266 nm.
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have longer lifetimes. As mentioned earlier, the crown ether
forms three hydrogen bonds to each of the ammonium pro-
tons �Fig. 1�, which prevents direct hydrogen loss and at the
same time renders it energetically impossible to reach the
��*�NH3� state required for N–H dissociation with a
266 nm photon. Instead, we sample the statistical dissocia-
tion of vibrationally hot TrpH+�CE� ions. According to the
daughter ion mass spectrum recorded at late times ��87 �s�,
the statistical dissociation channels are glycine loss �m /z
394� and possibly H2O loss �m /z 451� �Fig. 3�b��. At shorter
times �0� t�20 �s�, the fragmentation spectrum reveals
several dissociation channels �Fig. 3�a��: formation of proto-
nated crown ether �m /z 265�, NH4

+�CE� �m /z 282�, and
�glycine+H�+�CE� �m /z 340�, and loss of glycine �m /z 394�,
H2O and CO �m /z 423�, and of H2O or NH3 �m /z 451 /450�.
A scan over lower masses gave no signal from TrpH+ �m /z
205� formed by loss of crown ether, which is in accordance
with the higher proton affinity of CE relative to Trp
�967.0 kJ /mol versus 948.9 kJ /mol�.20

The loss of glycine is intriguing since a structure where
the indole ring is protonated and bound to the crown ether
lies higher in energy by 1.43 eV according to density func-
tional calculations �performed using GAUSSIAN, B3LYP/6-
31G level�. Under the conditions of the current experiment,

where ions are equilibrated at room temperature in an ion
trap, such a structure can be assumed not to be present in the
ion beam. It implies that directly after photoexcitation, the
crown ether is mobile and can rearrange to the indole cation.

Interestingly, the largest fragment peak is associated
with the loss of H2O and CO. This channel was in the case of
TrpH+ explained by location of the photoexcited electron on
the CO group and the abstraction of a proton from the am-
monium group to give –C�OH�2 followed by the successive
loss of H2O and CO. Attachment of crown ether to the am-
monium group slows down the proton transfer from this end
since it requires the movement of CE to the indole group as
discussed above. It is possible that the anion instead abstracts
a proton from the indole cation. In any case, our data indicate
that while the crown ether attachment switches off the
��*�NH3� state, the ��*�CO� state still plays an important
role.

Large variations in the fragmentation channels of TrpH+

as a function of excitation wavelength from 215 to 320 nm
were reported by Talbot et al.6 Their experiment was con-
ducted in an ion trap, and the ions were irradiated by light for
about 1 s �20 laser pulses�. As the authors point out, photo-
fragments may reabsorb light and dissociate further so that
the observed products may result from multiple photodisso-
ciation, and it was therefore difficult to draw a firm conclu-
sion on the change in pathways with the photon energy. In
addition, it is important to note that even under single photon
absorption conditions, various fragments would undergo sub-
sequent statistical dissociation because of the long time scale
of the experiment �1 s�. In contrast to the trap experiment,
the ions were in the present ring experiment only photoex-
cited once with a nanosecond light pulse, and photodissocia-
tion of fragment ions was highly unlikely. Hence, in order to
examine the fragmentation channels as functions of wave-
length, we repeated our experiment at different wavelengths
�210–300 nm�.

As an example, fragmentation spectra of TrpH+ and
TrpH+�CE� obtained after 220 nm photexcitation are shown
in Fig. 5. The fragmentation channels are the same as after
266 nm excitation but there are changes in the relative inten-
sities, especially in the case of TrpH+ where the ammonia-
loss peak has almost disappeared at 220 nm. The branching
ratios as functions of excitation wavelength are shown in
Fig. 6. For TrpH+, these ratios are different from those re-
ported by Talbot et al. which, as described before, may be
explained by the different measurement time scales as well
as photodissociation of fragment ions. It can be clearly seen
in Fig. 6�a� that loss of NH3 is the lowest energy channel,
consistent with the previously known results.21 Loss of NH3

is followed by successive dissociation and, as a result, the
NH3-loss peak at m /z 188 decreases with lower excitation
wavelengths compared to the other peaks in the spectrum.
The yield of the m /z-130 /132 ions decreases relative to that
of the m /z-159 ion with increasing wavelength. In the case
of TrpH+�CE�, all the channels which involve loss of NH3

are suppressed, as expected. It appears that the loss of gly-
cine is in competition with the loss of CO and H2O, and that
the relative importance of these two channels depends
strongly on wavelength: loss of CO and H2O dominates at

FIG. 3. Photodissociation mass spectra of TrpH+�CE�. �a� Fragment ions
formed up to 20 �s after photoexcitation. �b� Fragment ions formed be-
tween 87 and 107 �s after photoexcitation. Wavelength=266 nm.

FIG. 4. Decay spectrum of TrpH+�CE� photoexcited by 266 nm light. The
solid curve is an exponential fit to the data points.
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wavelengths longer than �260 nm and shorter than
�230 nm whereas glycine loss takes over in the region be-
tween 230 and 260 nm.

Absorption spectra of TrpH+ have earlier been reported
by Nolting et al.,11 Talbot et al.,6 and for very cold ions
�10 K� by Rizzo and co-workers.10,12 We obtained absorption
spectra of both TrpH+ and TrpH+�CE� from our photofrag-
ment yields �Fig. 7�. TrpH+ has a broad absorption band at
about 260 nm and an even stronger band with maximum
below 210 nm. The spectrum compares reasonably well with
those published previously by Nolting et al.11 and Talbot et
al.6 except that in the present spectrum no sharp features are
observed. This may be due to differences in ion temperature.
In the case of TrpH+�CE�, the 260 nm band redshifts to
270 nm and the band is narrower than that of TrpH+. A
proper understanding of this change in absorption requires
calculations of high-level excited states that are beyond the
scope of this paper.

IV. CONCLUSIONS

In summary, we have found that crown ether attachment
to protonated tryptophan significantly changes the fragmen-
tation channels as well as the lifetimes for dissociation. This
may be explained by the fact that the ��*�NH3� state is no
longer accessible. The dissociation channels are therefore no
longer determined by the reactions of a hypervalent nitrogen
species. The crown ether also affects the UV absorption
band, resulting in a narrower band and a redshift of the maxi-
mum. This work demonstrates the strength of an electrostatic
ion storage ring in providing three important pieces of infor-
mation from a single experiment: absorption spectra, life-
times, and fragmentation channels on a microsecond to mil-
lisecond time scale.
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a b s t r a c t

Photodissociation of the complex between protonated tryptamine, TryH+, and 18-crown-6 ether (CE) was
investigated. Absorption maxima of TryH+ and TryH+(CE) are at 249 and 273 nm, respectively. Ions decay
exponentially on a microsecond timescale, and mass spectra reveal that NH3 loss is an important channel
even though CE targets this group. TD-DFT calculations identified an electronically excited state, where
the photoactive electron is located in an antibonding orbital between C and NH3. Dissociation along this
coordinate and CE rearrangement to the new charge site accounts for ammonia loss. Photodissociation in
an electric field and time-of-flight measurements corroborate such a non-statistical bond-breakage.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

The photophysics of protonated tryptophan, TrpH+, isolated in
the gas phase has been explored in detail because of the great
importance this amino acid has in photobiology. UV irradiation
leads to excitation of the indole chromophore (a pp* transition)
followed by several competing deactivation pathways [1–14].
Internal conversion back to the ground state and intramolecular
vibrational redistribution of the energy results in a vibrationally
hot ion that dissociates on the nanosecond time scale. The photo-
active electron may also jump to the ammonium group populating
a r* orbital that is antibonding between N and H. Prompt hydro-
gen loss occurs while the ion is in this pr* state, and the formed
Trp+� radical cation then undergoes Ca–Cb cleavage on a much long-
er time scale (microseconds to milliseconds). Another scenario is
internal conversion from the pp*(indole) state to a pp*(CO) state
where the photoactive electron is located on the carboxylic acid.
This electron jump is associated with concomitant proton transfer
from the ammonium group to the negatively charged oxygen. The
so-formed ion quickly undergoes Ca–Cb cleavage (nanoseconds

time scale). To simplify the deexcitation pathways, the carboxylic
acid group in Trp is replaced by hydrogen to eliminate the latter
channel [1,10]. This molecule is called tryptamine (Try). It has been
shown that the pr*(N–H) state is removed from the spectral re-
gion by the attachment of 18-crown-6 ether (CE) to protonated
Trp or Try [14]. The size of the chosen crown ether is optimum
for the formation of three hydrogen bonds with ammonium [15–
17], which raises the pr*(N–H) state up in energy by about 1–
2 eV [14,18].

In the present work, we have subjected protonated tryptamine
and its complex with CE (Fig. 1) to photodissociation studies.
Experiments were done in two different laboratories, Orsay (O)
and Aarhus (A), to reveal different pieces of information: dissocia-
tion on the nanosecond time scale (O), absorption spectra (A), bin-
ary vs. ternary dissociation (O), dissociation on a longer time scale
(A), and dissociation channels as a function of excitation wave-
length (A).

2. Experimental

Aarhus (A) experiments: ions were produced by electrospray
ionization of dissolved tryptamine in water and methanol (1:1)
with acetic acid added (5% in volume). 18-Crown-6 ether was
added to the solution to form complexes. All compounds were pur-
chased from Sigma–Aldrich. Ions were accumulated in a 22-pole
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* Corresponding authors.
E-mail addresses: jacqueline.fayeton@u-psud.fr (J.A. Fayeton), sbn@phys.au.dk

(S. Brøndsted Nielsen).
1 Present address: Department of Physics, Indian Institute of Technology Madras,

Chennai 600 036, India.

Chemical Physics Letters 480 (2009) 57–61

Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/ locate /cplet t



VIII
ion trap, filled with helium buffer gas, for 0.1 s, which allowed the
ions to acquire room temperature, before they were accelerated as
an ion bunch to 22-keV kinetic energies. An electromagnet selected
ions of interest according to their mass-to-charge ratio. These ions
were injected into the electrostatic ion storage ring in Aarhus (ELI-
SA) and stored [19–21]. After about 40 ms, they were irradiated by
laser light at one side of the ring. The light source was a tunable
EKSPLA laser. This is an Nd:YAG laser where the third harmonic
(355 nm) pumps an optical parametric oscillator (OPO). The visible
output from this OPO is frequency doubled in a crystal providing
UV light. The repetition rate of the experiment was 10 Hz.

In one experiment, lifetimes of photoexcited ions were mea-
sured from the yield of neutrals hitting a multi-channel plate
(MCP) detector placed at the end of the side opposite to the laser
interaction region (i.e., delayed dissociation). Measurements were
done at different excitation wavelengths to obtain absorption
spectra.

In another experiment, all ring voltages were changed right
after photoexcitation to store particular daughter ions [22]. These
ions undertook 20.5 and 13.5 revolutions, for TryH+ and TryH+(CE),
respectively, before they were dumped in the MCP detector. A scan
of the ring voltages provided the daughter ion mass spectrum. De-
layed dissociation was measured by postponing the change of ring
voltages until the parent ions had taken half a revolution in the
ring.

Orsay (O) experiments: Ions were produced by electrospray
ionization as described in the (A) experiment and investigated
through the use of a home-built beam instrument. Ions were
trapped inside a hexapole for one millisecond and then accelerated
to kinetic energies of 2.5 keV as described previously [2]. Ion
bunches of 100 ns time width produced at a 1 kHz repetition rate
were selected by an electrical chopper. The ions then entered a
Zajfmann ion trap [23] in which they can be stored for a few hun-
dred milliseconds. At the exit of the trap the ions were post-accel-
erated to 5-keV kinetic energies in order to increase the detection
efficiency for neutral fragments. The ions were irradiated by a 263-
nm light pulse (fourth harmonic of a Nd:YLF kHz laser of 160 lJ
and 200 ns time width) either in the ion trap or downstream inside
a polarized region. The latter allowed for the study of fast fragmen-
tation (10 ns to 5 ls). The neutral fragments reached a position
sensitive detector (PSD) located one meter from the laser interac-
tion region. The ionic fragments were deflected in a 45o electro-
static analyzer and detected by a second PSD. An ionic fragment
of a given mass was selected with the electrostatic analyzer and
detected in coincidence with neutral fragment(s) that arose from
the same fragmentation event. Long fragmentation times, typically

larger than 5 ls, were obtained from the time spectra of neutral
fragments escaping the trap when ions were stored. Neutrals were
produced in the half-period during which the projectiles travelled
towards the detector. The identification of the ionic fragments
associated with these neutrals produced after a long storage time
was obtained by emptying the trap and measuring the ion kinetic
energies.

3. Theoretical details

The excited state fragmentation pathway along the C–NH3 coor-
dinate was obtained at the TD-DFT/B3LYP level with the SV(P) ba-
sis set using the TURBOMOLE package [24]. The minimum energy path
(MEP) is obtained by fixing the CN coordinate and relaxing all the
other degrees of freedom in the excited state. The TD-DFT method
is questionable when the excited state is a charge transfer state.
However, in the tryptamine case where the charge transfer state
consists of an electron localized around the positive charge, it
has been shown in previous work that DFT calculations are in good
agreement with more costly methods such as MRCI [12] and the ri-
CC2 method [8–10].

4. Results and discussion

4.1. Time spectra

Decay spectra obtained after photoexcitation of TryH+ and
TryH+(CE) at 266 nm in ELISA (A) are shown in Fig. 2. The revolu-
tion times in the ring are 51 ls and 83 ls, respectively. In the case
of TryH+, we sample the dissociation of Try+� radical cations since
all photoexcited TryH+ ions decay within 100 ns according to pre-
vious (O) measurements [1]. The ions that have lost hydrogen have
kinetic energies of 22 keV � 160/161 and are stored in the ring due
to the large energy acceptance of all electrostatic deflectors [5,14].
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Fig. 2. Time spectra obtained after photoexcitation of TryH+ (a) and TryH+(CE) (b)
by 266-nm light in ELISA (A). The ions were stored for about 40 ms in the ring
before excitation. Fits to the data points with a power-law function and an
exponential function are shown for TryH+ and TryH+(CE), respectively.

Fig. 1. The structure of TryH+(CE) calculated at the TD-DFT and SV(P) level of
theory.
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The hydrogen atom can depart with a broad range of kinetic ener-
gies, leaving the Try+� radical cations with a broad energy distribu-
tion. The decay is well described by a power law, N t�0.79 + constant
[25], where the constant accounts for dissociation after collisions
with residual gas in the ring (time constant of a few hundred mil-
liseconds). There are at least two explanations for a power numer-
ically less than one [5,25,26]. The internal energy distribution is
not flat, and if we happen to sample the decay of ions from the
high-energy side of the maximum, the number of ions in the distri-
bution increases with decreasing energy. Thus, the decay curve ap-
pears less steep than that for t�1 decay. Another possibility is
competing reaction channels that also reduce the power numeri-
cally. As the energy distribution depletes from the high-energy
side, other dissociation channels may take over, and the decay is
therefore less steep than the case where one channel dominates
over the whole energy range. In agreement with these findings,
when photoexcitation was done inside the Zajfman trap, two ions
were clearly separated in time after four oscillations corresponding
to Try+� and non-irradiated TryH+ ions (the same has been observed
for TrpH+ [2]).

In the case of the TryH+(CE) complex, the decay is ascribed to
excited ions in high vibrational levels, and it occurs with a time
constant of 310 ls from a fit of an exponential to the data
(Fig. 2b). The tail at longer times is a result of the width of the
internal energy distribution since ions with lower internal energy
will dissociate on a longer time scale. The hydrogen loss channel
is most likely not open after photoexcitation since the pr*(N–H)
state cannot be accessed. A similar experiment carried out with
the Zajfman trap provided a shorter lifetime of 15 ls, which indi-
cates that the ions are more vibrationally excited in the (O) exper-
iment than in the (A) experiment. No H loss was observed in the
(O) experiment, in accordance with the exponential decays. From
RRKM calculations, it appears that the temperatures of the parent
ions are about 300 K and 800 K in the (A) and (O) experiments,
respectively.

4.2. Absorption spectra

Gas-phase absorption spectra of TryH+ and TryH+(CE) recorded
at the ring setup are shown in Fig. 3. The first ten peaks in the time
spectrum (neutrals counts) after laser excitation were summed
and corrected for the background signal due to collisions. This
number was then scaled by the background signal and the number
of photons to obtain a value for the absorption at a certain wave-
length. There is an absorption band with maximum at approxi-
mately 249 nm (5.0 eV) for TryH+, which is about 10 nm
blueshifted compared to that of protonated Trp. The attachment
of CE to TryH+ causes a broadening of the band, and a significant

redshift of the maximum to 273 nm (4.5 eV), which is similar to
that for the TrpH+ case [14]. It indicates that the absorption de-
pends on the nearby electric field, determined largely by the ion
conformation. TD-DFT calculations predict the energies of the La

and Lb states to be at 4.80 eV and 4.92 eV for TryH+ and 4.71 eV
and 4.88 eV for TryH+(CE) in reasonable agreement with the exper-
imental values though the calculated redshift is less than that ob-
served experimentally. The charge transfer state increases in
energy from 4.22 eV for TryH+ to 5.34 eV for TryH+(CE). In the latter
case it is not within the spectral region for k > �230 nm in accor-
dance with the earlier discussion. Both ions display absorption
with maxima below 210 nm (Fig. 3).

4.3. Photodissociation mass spectra

A daughter ion mass spectrum of TryH+ (m/z 161) recorded right
after photoexcitation with 266 nm in ELISA showed that loss of
NH3 (m/z 144), CH3NH2 (m/z 130), and CH3CH2NH2 (or
CH2CH2 + NH3) (m/z 116) occurred in accordance with previous re-
sults from the Orsay group [4]. Fragmentation was sampled be-
tween 0 ls and 17 ls after photon absorption. The NH3 loss
channel occurs with a time constant of 20 ns and is therefore fully
complete at the end of the sampling interval. We carried out exper-
iments at different wavelengths from 210 nm to 290 nm and mea-
sured the branching ratios between the three channels (Fig. 4). It is
evident that loss of NH3 is in competition with loss of CH3NH2,
favoring the former at low excitation energies. The formation of
the m/z-116 ion is more or less independent of the photon energy.
In a separate experiment, the photoexcited ions were stored for
half a revolution before the ring voltages were switched. Here we
measure the decay of Try+� radical cations, and the dominant chan-
nel is now Ca–Cb cleavage giving the m/z-130 ion as expected [1].
Interestingly, another channel for Try+� is ammonia loss, which
was also seen for Trp+� formed after photoexcitation of TrpH+ [14].

Next we consider the dissociation of TryH+(CE) (m/z 425) after
photoexcitation with 266-nm light in the ring (A) (Fig. 5b). In the
time interval from 0 to about 28 ls (Fig. 5b), the dissociation chan-
nels are loss of NH3 (m/z 408) and CH3NH2 (m/z 394), as seen for
TryH+, but there are also peaks corresponding to H+(CE) (m/z
265), NH3

+(CE) (m/z 281), and CH3NH2
+(CE) (m/z 295) present in

the spectrum. We cannot exclude the formation of TryH+ since
there is large discrimination against storage of lower mass ions
in this experiment. The loss of NH3 and CH3NH2 is intriguing since
the CE is initially bound to the ammonium group; the isomer
where CE is bound to protonated indole is higher in energy by
1 eV according to theoretical modeling [27,28]. This implies that
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Fig. 3. Absorption spectra of TryH+ and TryH+(CE) recorded in Aarhus at ELISA.
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during dissociation along the C–NH3 coordinate, the CE has time to
rearrange. Likely an ion–molecule complex is formed from which
either NH3 or CH3NH2 escapes. Delayed dissociation occurring in
the time interval of 42–69 ls reveals the same dissociation chan-
nels but the signal-to-noise ratio is low because there were too
few ions (Fig. 5c).

The (O) photodissociation mass spectrum is shown in Fig. 5a. In
the m/z-region from 250 to 425, only H+(CE) ions from TryH+(CE)
are measured, in clear contrast to the (A) experiment. At lower
m/z, peaks can be assigned to correspond to TryH+ (m/z 161) and
the loss of NH3(CE) to give [TryH–NH3]+ (m/z 144). The fact that
crown ether was found to stay bound to the ion in the (A) experi-
ment is again in accordance with a lower internal energy distribu-
tion in the (A) experiment compared to that in the (O) experiment,
cf., the discussion of time constants above.

Photodissociation of TryH+(CE) in an electric field in combina-
tion with a time-of-flight analysis reveals that the losses of
NH3(CE) and Try are complete within 30 ns (Fig. 6a), and a Vz Vz
correlation plot indicates that both fragmentations are binary
(see Fig. 6b in the case of NH3(CE) loss). The channel is more expen-
sive than just losing ammonia due to the favorable binding of CE to

[TryH–NH3]+. A time scale of nanoseconds compared to the micro-
second time constants obtained from the trap experiments may
suggest that the breakage of the C–NH3 bond is non-statistical
occurring in an electronic excited state.

4.4. Theoretical modeling of the C–NH3 dissociative channel

We have done TD-DFT calculations to better understand the
apparently non-statistical process in which both ammonia and
CE are lost and have identified an electronically excited state de-
noted as pr*(C–NH3) that is located within the spectral region
used for excitation (Fig. 7). This state is not the lowest as in the
case of bare protonated Try. The minimum energy path along the
C–NH3 coordinate exhibits a small barrier to the excited state dis-
sociation. This barrier is due to the fact that the lowest excited
state of pp* character is attractive along this coordinate, whereas
the pr*(C–NH3) is dissociative. Owing to the energy content of
the excited molecule (photon energy and internal energy prior to
photoexcitation) and the uncertainties of the calculations, one
can consider that this excited state fragmentation channel is open.
It should be noticed that this dissociation is the result of a transfer

Fig. 5. Photodissociation mass spectra of TryH+(CE). (a) (O) spectrum: fragment
ions were produced in a 0–250 ns time window after photoexcitation at 263 nm. (b)
(A) spectrum: fragment ions formed up to 28 ls after photoexcitation at 266 nm. (c)
(A) spectrum: fragment ions formed between 42 ls and 69 ls after photoexcitation
at 266 nm.

Fig. 6. (a) Photodissociation of TryH+(CE) in an electric field of 10 V/mm and
sampling the loss of NH3(CE) to give m/z 144, (O) experiment. The fragmentation
time spectrum displays a peak with a symmetric shape, and the time scale is
nanoseconds. The peak width is due to the kinetic energy released in the
fragmentation process. The curve is a Monte Carlo simulation to a 30-ns
fragmentation time. (b) ‘Vz Vz’ correlation diagram for m/z = 144 (Vz = vertical
velocity). Horizontal and vertical axes are the horizontal and vertical components of
the velocities for neutral and ionic fragments. For a binary fragmentation, the data
must be situated along a line the slope of which is given by the mass ratio between
the two fragments. The dotted line corresponds to the mass ratio given by a binary
mechanism.
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of the photoactive electron from the indole chromophore to an
antibonding orbital located between carbon and NH3. We expect
that this state plays a role also upon photoexcitation of bare TryH+

ions but cannot in this case disentangle it from statistical loss of
ammonia that also occurs on a nanosecond time scale. For TryH+

the fragmentation is barrierless in contrast to TryH+(CE), which
suggests a longer excited state lifetime for TryH+(CE); this will be
tested in the near future.
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Tagging of Protonated Ala-Tyr and Tyr-Ala by Crown Ether Prevents Direct Hydrogen
Loss and Proton Mobility after Photoexcitation: Importance for Gas-Phase Absorption
Spectra, Dissociation Lifetimes, and Channels

Jean Ann Wyer,* Anneli Ehlerding, Henning Zettergren, Maj-Britt S. Kirketerp, and
Steen Brøndsted Nielsen
Department of Physics and Astronomy, Aarhus UniVersity, Ny Munkegade, DK-8000 Aarhus C, Denmark

ReceiVed: May 1, 2009; ReVised Manuscript ReceiVed: July 9, 2009

Photodissociation of protonated Tyr, Ala-Tyr, Tyr-Ala (Ala ) alanine, Tyr ) tyrosine), and their complexes
with 18-crown-6-ether (CE) was performed in an electrostatic ion storage ring using a tunable laser system.
While the three bare ions all absorb strongly at 222 nm, absorption at higher wavelengths was barely visible
from sampling the neutrals formed in delayed dissociation. A band at 270 nm was introduced, however, as
a consequence of CE attachment to the bare ions. To understand the difference between bare ions and
complexes, electronically excited states are considered: The initially reached ππ* state on phenol couples
with the dissociative πσ* state on ammonium, which leads to direct hydrogen loss. Cold radical cations are
formed that at high wavelengths do not have enough energy for further dissociation. Excitation within the
222-nm band on the other hand leads to delayed dissociation of stored radical cations that is monitored in the
present setup. The πσ* state moves out of the spectral region upon CE attachment, and instead statistical
dissociation is sampled on the microsecond to millisecond time scale at all wavelengths. Our data demonstrate
the strength of using supramolecular complexes for action spectroscopy experiments to prevent erroneous
spectra as a result of undesired dissociation (H loss) from electronically excited states. The gas-phase absorption
spectra firmly establish the perturbations of the phenol electronic structure by a water solvent: The 270-nm
band red shifts by ∼5 nm, whereas the 222-nm band changes by ∼3 nm. Both transitions occur in the phenol
group. These results may be useful for protein dynamics experiments that rely on electronic excitations.
Product ion mass spectra of [Tyr + H]+, [Ala-Tyr + H]+, [Tyr-Ala + H]+, [Ala-Tyr + H]+(CE), and [Tyr-
Ala + H]+(CE) significantly depend on the excitation wavelength from 210 to 310 nm and on whether the
ionizing proton is mobile or not.

Introduction

Electronic absorption by biochromophore ions in vacuo has
become a topic of high current interest since the first gas-phase
absorption spectrum of the isolated green fluorescent protein
(GFP) chromophore anion was published in 2001.1 A compari-
son with the protein absorption spectrum revealed that the best
way to approximate the environment of the buried chromophore
was to take it as being a vacuum. On the other hand, the
absorption was completely different in bulk water solution due
to charge localization by the polar water molecules. Other work
has concentrated on protonated Schiff-base retinal,2,3 which is
the chromophore responsible for vision. Here, the amino acid
residues in the neighborhood of the chromophore play a
significant role in color tuning, which allows us to perceive light
from red to blue. Metalloporphyrins are another class of highly
important biochromophores. Recently, the Soret marker band
of isolated Fe(III)-heme cations was reported by Lykkegaard
et al.4 along with the spectral changes upon histidine ligation.
If four-center ferric heme exists inside a hydrophobic pocket
or crevice of a heme protein, its absorption should resemble
that of the isolated species. The gas-phase absorption spectra
serve a dual purpose as they are also used extensively to
benchmark theoretical models.5-13

Gas-phase absorption spectroscopy on macromolecular ions
has been made possible in our laboratory from the combination
of an electrospray ion source, an electrostatic ion storage ring,
and pulsed lasers.14,15 In the ring, the ions are photoexcited, and
their lifetimes are measured with respect to dissociation. The
problem with finite sampling intervals encountered in finite
length time-of-flight instruments (kinetic shifts) is circumvented,
and the actual number of photoexcited ions at all wavelengths
may be obtained from fits to exponential decays of the ions. A
new implementation of pulsed power supplies for all ring
elements has allowed for time-dependent photodissociation mass
spectroscopy on the microsecond to millisecond time scale,14-16

which is not routinely done with other instruments. While the
mass resolution is poor (about 100), it is in most cases high
enough to determine the dissociation channels and their time
dependence.

In the present work, the focus is on the photophysics and
photodissociation of isolated peptide cations. Knowledge on how
the absorption of amino acids and peptides changes as the
environment varies is useful for optical probing and labeling
and for the choice of wavelength for UV resonance Raman
experiments on proteins.17 Interestingly, recent work on silver
trimer-dipeptide bioconjugates showed that peptide absorption
was enhanced and extended to a larger range of wavelengths
due to Ag3

+ complexation.18

Peptides containing the aromatic amino acid tyrosine absorb
in the UV and are photodissociated in mass spectroscopy

* To whom correspondence should be addressed. E-mail: jeanwyer@
phys.au.dk.
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experiments with conventional lasers.19-22 If the initial energy
is known, the excitation energy after photon absorption is well-
defined. This offers an advantage over methods using collisional
excitation.23 Many previous experiments on tyrosine and ty-
rosine-containing peptides have been completed in conjunction
with another biologically significant amino acid, tryptophan
(Trp).18-22,24-35 Subsequent to UV excitation of the indole
aromatic ring in tryptophan to a ππ* state, several dissociation
pathways are available.36 In one such dissociation channel, the
ππ* state couples with a lower lying repulsive πσ*(NH3) state,
located on the ammonium group leading to dissociation along
the NH coordinate. The energy distribution of the remaining
radical cation Trp+• is broad as the kinetic energy range of the
ejected hydrogen atom is large. Consecutive dissociation occurs
on a microsecond to millisecond time scale.25,37,38 For protonated
tyrosine, however, the NH fragmentation pathway is less
accessible after 266-nm photoexcitation as the πσ*(NH3) state
is situated at a higher energy (3.4 eV for Trp vs 4.0 eV for
Tyr).25 Previous work has shown that the energy of the
πσ*(NH3) state is higher when 18-crown-6 ether (CE) is
attached to the ammonium group, rendering the state inaccessible
after 260-nm excitation (see Figure 1).39,40 The size of the chosen
crown ether is optimum for the formation of three hydrogen
bonds with ammonium.41-43 Tagging of peptide ammonium
groups by crown ether impacts not only the photophysics but,
as we will show, also the dissociation channels.

Here we have explored the photophysics of protonated Ala-
Tyr, Tyr-Ala (Ala ) alanine and Tyr ) tyrosine), and their
complexes with CE isolated in vacuo (Figure 2), and whether
or not water has an influence on the electronic transition
energies. Lifetime measurements, absorption spectra, and pho-
todissociation mass spectra are presented, and the results
compared to those for protonated Tyr. [Tyr + H]+ has earlier
been studied in detail by Kang et al.25 for 266-nm photoexci-
tation, but we have extended the excitation region down to 210
nm, accessing a different electronic transition.

Experimental Section

All compounds were purchased from Sigma-Aldrich.
Gas-Phase Experiments. Experiments were carried out at

the electrostatic ion storage ring in Aarhus (ELISA) (see Figure

3).14,15 Electrospray ionization was used to produce the ions
which were subsequently accumulated in a 22-pole ion trap and
thermally equilibrated by collisions with a helium buffer gas
therein. The ions were accelerated as an ion bunch to kinetic
energies of 22 keV, and a bending magnet was used to select
the appropriate ions. Following injection into the ring, the ions
were stored for about 40 ms before being irradiated by a
nanosecond light pulse from a tunable EKSPLA laser. This is
an Nd:YAG laser where the third harmonic (355 nm) pumps
an optical parametric oscillator (OPO). The visible output from
this OPO is frequency doubled in a crystal providing UV light.
The repetition rate of the experiment was 10 Hz. Dissociation
was a result of one photon absorption. Lifetimes were obtained
from measurements of the yield of neutrals hitting the micro-
channel plate (MCP) detector located at the end of the straight
section opposite to the side where photoexcitation was performed.

In separate experiments, the ring voltages were changed at a
particular time after photoexcitation to store product ions with
the appropriate kinetic energy. This product ion mass spec-
trometry was possible as ELISA has been equipped with pulsed
power supplies of microsecond response times.14-16 After a
specific number of revolutions, the product ions were dumped
into the MCP detector. Ions with a lower kinetic energy were
evident when a low number of revolutions was used, while ions
with a higher kinetic energy were indistinguishable in such a
case as ELISA preferentially stores ions with a larger kinetic
energy. Ions with a higher kinetic energy were resolved when
a higher number of revolutions were undertaken prior to
dumping on the detector. Ions with a lower kinetic energy were,
however, not evident on such spectra. To increase the resolution,
a beam scraper was put in on one side of the ring. The signal
from the detector as a function of the scaling of the ring voltages
provided the product ion mass spectrum. The pressure in the
ring was of the order of 10-11 mbar, which set an upper limit
of seconds on the storage time.

Solution-Phase Experiments. Solution-phase absorption
spectroscopy experiments were carried out using a Thermo

Figure 1. Simplified state level diagrams including some important
states. After photoexcitation of protonated tyrosine (ππ* transition in
the phenol group), internal conversion (IC) occurs either back to the
electronic ground state (GS) or to a charge-transfer (CT) state located
on ammonium, cf. dashed arrows. In the former case a vibrationally
excited ion that decays statistically is formed. In the latter case,
hydrogen loss is in competition with IC to the GS. The CT state is not
accessible in the supramolecular complex between protonated tyrosine
and 18-crown-6 ether, and the pathway is IC back to the GS followed
by statistical dissociation. The relationship between the time constants
is as follows: τ1 , τ2 , τ3 < τ4. τ4 represents a broad range of time
constants.

Figure 2. Structures of (A) [Tyr + H]+, (B) [Ala-Tyr + H]+, (C)
[Tyr-Ala + H]+, and (D) 18-crown-6 ether.

Figure 3. Schematic of the ELISA electrostatic storage ring in
combination with a laser system. The photofragment yield was obtained
as a function of wavelength from the signal of neutrals hitting the
detector.
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Spectronic heλios R instrument. Compounds were dissolved in
water and spectra recorded from 190 to 325 nm.

Results and Discussion

Protonated Tyrosine. Our initial experiments focused on the
decay of [Tyr + H]+ after photoexcitation. A sample time
spectrum of [Tyr + H]+ after photoexcitation, measured by
detecting the neutral fragments on one side of the ring, is shown
in Figure 4A. These were produced between 27 and 45 µs after
photoexcitation in the first instance and then after successive
rotations in the ring. In order to fit the data, it was found
that three separate exponentials were required. The fastest
decay had time constants of the order of 10-2 ms. The next
decay had time constants of the order of 10-1 ms, and while it
is possible that this decay is due to excitation into a triplet state,
it is more likely a tail associated with the first decay due to a
broad energy distribution.38 The more exponentials that are
required, the broader the internal energy distribution; in the
extreme, the decay follows a power-law decay.44 The time
constants for the slowest decay were set to that found after fitting
the decay of [Tyr + H]+ when no photoexcitation occurred (CID
decay). From a fit to the experimental data, it was possible to
extrapolate back to time zero, defined as the time when the laser
was fired, and sum the decay due to both decay channels for
each wavelength used. Summing over the entire time of decay
is important as changes in lifetimes with λ could significantly
affect the calculated values of absorption if not calculated over
the entire decay time from time zero. The resulting absorption
spectrum for [Tyr + H]+ in vacuo is shown in Figure 4B where
it can be seen that there is one band which ranges from 210

nm, the lowest end of our scale, to ∼255 nm, peaking at about
225 nm. The solution-phase spectrum is also included in the
figure. In water, the first band maximum is at 222 nm, but the
second band at 275 nm is absent from the gas-phase spectrum.
Explanations for this are discussed below.

Photodissociation mass spectra of [Tyr + H]+ (m/z 182) after
excitation in the range 210-300 nm were also measured (for
220-nm absorption, see Figure 4C). Fragment ions formed in
the time from 0 to 18 µs after photoexcitation were sampled.
Peaks can be assigned to ions that have lost NH3 (m/z 165),
NH3 and H2O (m/z 147), CO and H2O (m/z 136), NH3 and
CH2CO (m/z 123), and NH3, CO, and H2O (m/z 119), and a
peak which corresponds to the side chain ion (m/z 107). The
observation of these peaks is in accordance with a previously
reported spectrum by Kang et al.25 recorded at 266 nm. In our
spectrum there are two additional peaks at m/z 93 corresponding
to C6H4OH+ and at m/z 103, currently unassigned.

The branching ratios for the different fragment ions as a
function of excitation wavelength are shown in Figure 5. It is
evident that the m/z-107 peak decreases in importance with λ.
This peak is a fingerprint for the formation of the tyrosine radical
cation by hydrogen loss from photoexcited [Tyr + H]+. As
shown by Kang et al.,25 a crossing from the initially reached
ππ* state on the phenol to the πσ* state on the ammonium
occurs with about 25% probability after 266-nm photoexcitation.
H loss requires 4.0 eV, and taking into account the fact that the
hydrogen leaves with a significant amount of energy, the Tyr+•

radical cations have limited energy but a broad internal energy
distribution as shown earlier in the case of tryptophan.40 The
side chain cation (m/z 107) is then formed from the Tyr+• radical
after CR-C� bond cleavage. Competing internal conversion from
the ππ* state back to the electronic ground state leads instead
to hot [Tyr + H]+ ions that dissociate with a time constant of
less than 10 µs (see Figure 1).45 In the present measurements,
it is impossible to distinguish between [Tyr + H]+ and Tyr+•

due to the poor mass resolution of the ring elements.
It is now possible to explain the absence of the 270-nm band

in the action spectrum: Dissociation occurs over longer time
periods when the ion has less energy; hence, further dissociation
after hydrogen loss subsequent to 270-nm photoexcitation may
not occur on the time scales investigated in the current
experiments. In contrast, further dissociation after hydrogen loss
following 220-nm photoexcitation is more probable due to the
larger amounts of energy deposited. The photon energy at 270
nm is 4.6 eV, while it is more than 1 eV higher at 220 nm (5.7
eV), which would clearly have a noticeable effect on the lifetime
of Tyr+• ions. Consequently, absorption at 220 nm has been

Figure 4. (A) Time spectrum of [Tyr + H]+ (m/z 182) after 220-nm
photoexcitation. The solid curve is a fit of three exponentials to the
data. It was found that the lifetimes associated with the first two
exponentials were 0.03 and 0.3 ms, and the lifetime associated with
the exponential corresponding to the background decay was 0.4 s. (B)
Absorption spectrum of [Tyr + H]+ in vacuo. A Gaussian fit to the
data (red points) is shown as a solid line. The solution-phase absorption
spectrum is shown as a dashed line. (C) Photodissociation mass
spectrum of [Tyr + H]+ after 220-nm photoexcitation.

Figure 5. Branching ratios for fragmentation channels of [Tyr + H]+

(m/z 182) as a function of excitation wavelength. The resolution is too
low to separate m/z 119 and 123 so they are summed. The signal for
each peak was divided by the mass to correct for sampling efficiency.
Fragment ion masses are in brackets.
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measured, whereas absorption at 270 nm appears to be absent
when the first neutrals sampled are formed after 27 µs. It should
be mentioned that delayed dissociation has earlier been observed
where photodissociation was achieved using the fourth harmonic
light of a Nd:YAG laser (266 nm).38 The light intensity was an
order of magnitude higher than that in the present experiment,
resulting in more photoexcited ions and consequently a higher
yield of neutrals. We assume that it is only ions at the upper
end of the internal energy distribution that have enough energy
for dissociation. Another complication besides too few Tyr+•

ions dissociating at high wavelengths arises from the fact that
the crossing to the πσ*(NH3) state may depend strongly on
excitation wavelength; hence, an action spectrum based on
integration of the yield of all product ions, formed from 0 to
18 µs, not including Tyr+• could also be incorrect.

Protonated Ala-Tyr and Tyr-Ala. Time spectra of [Ala-
Tyr + H]+ and [Tyr-Ala + H]+ are shown in Figure 6 after
220-nm photoexcitation (initially sampling neutrals produced
between 31 and 52 µs after photoexcitation, and then after
successive rotations in the ring). Both ions dissociate with a
time constant of 0.03 ms, which indicates that the dissociation
channels are similar or that the activation energies and preex-
ponential factors are. The better statistics in the spectrum for
[Ala-Tyr + H]+ reveals a tail to longer times that can be fit
with an exponential associated with a time constant of 0.2 ms.
The tail is a result of the width of the internal energy distribution;
not all ions have exactly the same energy after photoexcitation.
The experiment was repeated at higher wavelengths, 250-280
nm, but no photoinduced signal could be discerned from the
background collision induced dissociation signal. Based on the

lifetimes, we obtain the gas-phase absorption spectra shown in
Figures 7A and 8A. For both peptides the band is at ∼220 nm,
which is close to that obtained in water solution (Figures 7A
and 8A). The band shapes are very similar for the solution-
and gas-phase experiments. In addition, they are comparable
to that measured for protonated tyrosine, which indicates that
for the dipeptides the electronic transition is also due to
excitation of the phenol ring.

We now describe the fragmentation channels for the two
dipeptides. Photodissociation mass spectra of [Ala-Tyr + H]+

recorded at excitation wavelengths of 210 and 270 nm are shown
in Figure 9. Fragment ions formed from 0 to 21 µs after
photoexcitation were sampled. At the highest wavelength, the
largest peak corresponds to y+ ions (m/z 180), whereas x+ (m/z
208) or ions that have lost CO + H2O (m/z 207) ions are formed
dominantly at the low wavelength. Side chain cleavages also
occur, with most at 220 nm. In accordance with this, the specific
fragmentation of the CR-C� bond of the tyrosyl residue was
observed to occur after 262-nm excitation of larger tyrosyl-
containing peptides.46,47 In our work, there is also a small signal
due to loss of ammonia. The wavelength dependence of the
different channels is presented in Figure 10A, where it is evident
that the transition from y+ to m/z 207/208 occurs gradually with
decreasing λ.

The y+ ions are expectedly formed after internal conversion
to the electronic ground state since rupture of the peptide bond
is a dominant channel in low-energy CID experiments. The fact
that no delayed dissociation is observed at 270 nm then implies
that the time constant for statistical dissociation is too short for
the photoexcited parent ions to survive half a revolution in the
ring (32 µs); the same is true for [Tyr-Ala + H]+.

IR-UV double resonance spectroscopy of cold [Ala-Tyr +
H]+ ions by Stearns et al.48,49 revealed a strong interaction

Figure 6. Time spectra of (A) [Ala-Tyr + H]+ (m/z 253) and (B)
[Tyr-Ala + H]+ (m/z 253) after 220-nm photoexcitation. The solid curve
in (A) is the fit of three exponentials to the data with one of the
exponentials corresponding to the background decay (τ ) 0.3 s).
Lifetimes associated with the other decays are indicated on the graph.
The solid curve in (B) is the fit of two exponentials to the data with
one of the exponentials corresponding to the background decay (τ )
0.3 s). The lifetime associated with the other decay is indicated on the
graph.

Figure 7. Absorption spectra of (A) [Ala-Tyr + H]+ (m/z 253) and
(B) [Ala-Tyr + H]+(CE) (m/z 517) in vacuo. Gaussian fits to the data
are shown as solid lines. Absorption spectra of solution-phase Ala-Tyr
and Ala-Tyr(CE) are shown as red dashed lines. Addition of crown
ether to the solution does not change the absorption.
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between the ammonium group and the π cloud of the phenol;
it is likely that some ions in such a structure are present in our
ion beam (room temperature internal energy distribution). The
high crossing probability to the πσ*(NH3) state is then most

likely due to the short distance the photoactive electron has to
jump. The πσ*(NH3) state may, however, efficiently couple with
the ground state preventing hydrogen loss. For comparison,
Gregoire et al.24 found that while the πσ* state is populated in
[Gly-Tyr-Gly + H]+ after 266-nm photoexcitation, hydrogen
loss did not occur. It was suggested that H loss would be
suppressed by a kind of cage effect. In agreement with this, we
have earlier shown that [Lys-Tyr-Lys + H]+ after 266-nm
photon absorption decays exponentially.38 Finally, the suppres-
sion of H loss was observed in related experiments involving
electron transfer from sodium atoms to peptide dications. In
this work, all dipeptides studied lost hydrogen, whereas the intact
charge-reduced cation was observed in high yield for tripeptides
and larger peptides.50 Solvation had a similar effect, namely,
preventing hydrogen loss. Tabarin et al.,46 however, found that
the protonated leucine-enkephalin lost hydrogen at 220-nm
excitation but not at 260 nm. In any case, ions that lose hydrogen
at 277 nm will be too cold for subsequent dissociation, while
the larger local energy depositions at 220 nm may lead to more
hydrogen loss and radical cations that now dissociate on a time
scale which is within the window of the experiment.

The corresponding photodissociation mass spectra of [Tyr-
Ala + H]+ are shown in Figure 11. Fragment ions were formed
from 0 to 21 µs after photoexcitation. At both 210 and 270 nm,
a+ ions (Y immonium) (m/z 136) are formed with a high yield
and a+-NH3 (m/z 120) with a minor yield. The a+ fragment ion
was also found to be dominant after 266-nm, 277-nm, and 284-
nm photon excitation in ion traps reported by Gabryelski et al.,51

Yoon et al.,52 and Stearns et al.,49 respectively. At the low
wavelength, H2O loss occurs to a large extent (m/z 235). This
loss may be linked to the photoactive electron jumping to the
carboxylic acid group and concomitant proton transfer to the
negatively charged COOH group from ammonium, as described
in the case of protonated tryptophan.53 A wavelength dependent
study (Figure 10B) reveals that water loss is dominant after

Figure 8. Absorption spectra of (A) [Tyr-Ala + H]+ (m/z 253) and
(B) [Tyr-Ala + H]+(CE) (m/z 517) in vacuo. Gaussian fits to the data
are shown as solid lines. Absorption spectra of solution-phase Tyr-Ala
and Tyr-Ala(CE) are shown as red dashed lines. Addition of crown
ether to the solution does not change the absorption.

Figure 9. Photodissociation mass spectra of [Ala-Tyr + H]+ (m/z 253)
after (A) 210-nm and (B) 270-nm photoexcitation. The ions with m/z
< 120 were dumped on the detector after 1.5 revolutions, while the
ions with m/z > 120 were dumped on the detector after 7.5 revolutions.

Figure 10. Branching ratios for the main fragmentation channels of
(A) [Ala-Tyr + H]+ and (B) [Tyr-Ala + H]+ as a function of excitation
wavelength. Fragmentation channels with branching ratios <10% are
not included on the graphs for clarity but were included in the branching
ratio calculations. The signal for each peak was divided by the mass
to correct for sampling efficiency. Fragment ion masses are in brackets.
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excitation within the 220-nm band whereas a+ ions are formed
in highest abundance after excitation within the 270-nm band;
the transition between the two channels is quite abrupt at 245
nm. Side chain cleavages are also seen to take place as well as
loss of CO and H2O. Loss of the tyrosine side chain radical to
give the fragment ion at m/z 146 has been attributed to
dissociation from an excited electronic state of [Tyr + H]+.48

The distance between phenol and ammonium is assumed to be
the same in [Tyr-Ala + H]+ and [Tyr + H]+, but H loss would
again result in ions with too low an internal energy to give
delayed formation of neutrals after 270-nm excitation.

To summarize the results for the bare ions, we have found
that it is not possible to measure a 270-nm absorption band
from delayed dissociation after half a revolution (at least not
with the photon fluxes provided by our tunable laser system),
which we have taken to be due to (i) the coupling between the
ππ*(phenol) and πσ*(NH3) states and subsequent hydrogen loss
leaving ions with too low internal energy for further fragmenta-
tion and (ii) a too short lifetime of the parent ions after internal
conversion back to the electronic ground state. Absorption does
indeed happen in this wavelength region, which is evident from
our photodissociation mass spectra (and from previous work
by others), but we are blind to it in the delayed dissociation
experiments. To circumvent this artifact of action spectroscopy,
we decided to look at complexes between the dipeptide cations
and crown ether. The latter targets the N-terminal ammonium
group and raises the πσ* state up in energy, and most likely
out of the spectral region even at the lowest wavelengths. In
any case, the H-loss reaction is blocked. Second, the complex
has more degrees of freedom and should as a result have a longer
lifetime with respect to statistical dissociation. As we will show,
the lifetime is also increased since the mobile proton mechanism
that accounts for the facile breakage of peptide bonds54,55 is no
longer operative, which implies that the activation energy for
dissociation is higher for the complex than for the bare ion itself.

Crown Ether Complexes. Sample time spectra for [Ala-Tyr
+ H]+(CE) after no photoexcitation, 220-nm photoexcitation,
and 270-nm photoexcitation are shown in Figure 12. Clearly,
delayed dissociation (sampling neutrals formed between 46 and
77 µs after photoexcitation in the first instance, and then after
successive rotations in the ring) is now also measured at the
high wavelength, which is in support of our earlier interpretation
for the absence of the peak in the bare ion spectra. Indeed, it
was found that the time constants for the two decay processes
increased as a function of wavelength, as expected for statistical
dissociation processes. The spectra for [Tyr-Ala + H]+(CE)
(data not shown) were found to be similar to those for [Ala-
Tyr + H]+(CE). Based on the lifetime spectra and exponential
fits to the data points, we have obtained the absorption spectra
(Figures 7B and 8B). These display two absorption bands at
220 and 270 nm in the case of [Ala-Tyr + H]+(CE) and at 226
and 272 nm in the case of [Tyr-Ala + H]+(CE), with the second
absorption band appearing to be larger than the first one for
[Tyr-Ala + H]+(CE). In fact, the ratio between the maxima of
the 220 and 270 nm bands in both cases is smaller than that
observed from the solution-phase spectra (Figures 7B and 8B).
It should be mentioned though that the lifetimes after excitation
at the low wavelengths are short and measured based on just
two points which introduces some uncertainty when we calculate
back to time zero to obtain the total number of photoexcited
ions. Also fast dissociation from excited states may be more
prominent at 220-nm excitation than at 270 nm, which results
in some decay not being sampled at the lower wavelength. In
previous work, Joly et al.34,35 recorded the spectra of the doubly

Figure 11. Photodissociation mass spectra of [Tyr-Ala + H]+ (m/z
253) after (A) 210-nm and (B) 270-nm photoexcitation.

Figure 12. Time spectra of [Ala-Tyr + H]+(CE) (m/z 517) after (A)
no photoexcitation, (B) 220-nm photoexcitation, and (C) 270-nm
photoexcitation. The lifetime associated with the exponential corre-
sponding to the background was 0.4 s, which was found by fitting an
exponential to the data in (A). The solid curves in (B) and (C) are fits
of three exponentials to the data with one of the exponentials in both
cases corresponding to the background decay. For (B) it was found
that the lifetimes associated with the first two exponentials were 0.04
and 0.7 ms, while for (C) the lifetimes associated with the first two
exponentials were 0.09 and 0.7 ms.
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negatively charged angiotensin II variant (DRVYVHPF) and
DYKDDDDK peptides from photodetachment yields and found
maximum absorption between 260 and 300 nm. Their spectra
appear more to the red compared to ours, which may be linked
to differences in the electric field at the tyrosine chromophore
and the folding pattern. The solution-phase spectra of [Ala-Tyr
+ H]+(CE) and [Tyr-Ala + H]+(CE) are included in Figures 7
and 8. Our data reveal that solvation of the phenol chromophore
by water has little influence. Thus, it is evident that water
perturbs the high-energy transition by about 3 nm while the
band at 270 nm red shifts by about 5 nm (Table 1). A similar
pattern is expected when a tyrosine amino acid residue located
in a hydrophobic pocket turns inside out and becomes solvated
by water. This information may be useful for protein dynamics
experiments that are based on either absorption or resonance
Raman spectroscopy.

Photodissociation mass spectra of both [Ala-Tyr + H]+(CE)
and [Tyr-Ala + H]+(CE) after 220-nm photoexcitation are
shown in Figure 13, while the spectra obtained after 270-nm
photoexcitation are shown in Figure 14. Product ions produced
up to 31 µs after photoexcitation were sampled. The spectra
are similar for both complexes and reveal that the dominant
channel is loss of the tyrosine side chain (m/z 410). It is found
that H2O and CO losses increase in importance with higher

excitation energies. In the lower m/z region, there are peaks that
correspond to fragments formed after loss of CE or CE and
ammonia, with protonated crown ether also being measured. It is
worthwhile to notice that no or very little fragmentation of the
peptide backbone is seen to occur. For comparison, y+ ions were
formed in high yields after 270-nm photoexcitation of bare [Ala-
Tyr + H]+ ions. It is generally accepted that after vibrational
heating of a peptide cation, the ionizing proton is no longer
sequestered at the most basic sitesin the case of [Ala-Tyr + H]+

and [Tyr-Ala + H]+, this is the N-terminal amino groupsbut is
instead mobile and can explore less basic sites such as the amide
nitrogens. Amide protonation weakens the C(O)-N bond and
accounts for the formation of y and b fragments. In the complexes,
however, crown ether firmly binds the ammonium protons42 and
reduces or prevents internal proton transfer reactions after excita-
tion. Channels other than backbone cleavages, such as side chain
losses, are then possible (see Figure 15).

Conclusions

In general, measurement of an action spectrum requires that
ionic dissociation takes place within the relevant time window
of the instrument. Complications arise when fast nonstatistical
processes occur that may be highly wavelength dependent, e.g.,
hydrogen loss from neutralized ammonium groups. Dehydro-
genated ions will have low internal energies, and in some cases
the energy will be too low for subsequent dissociation to be
recorded in a delayed dissociation experiment. To prevent
hydrogen loss, we have introduced a scheme based on crown
ether attachment to the ammonium group since this brings the
πσ* state on ammonium outside the spectral region. The

TABLE 1: Absorption Spectra Band Maxima

in vacuo in aqueous solution

λmax (nm) λmax (nm)

[Tyr + H]+ 225 222, 275
[Ala-Tyr + H]+ 220 221, 276
[Tyr-Ala + H]+ 221 222, 275
[Ala-Tyr + H]+(CE) 220, 270 222, 277
[Tyr-Ala + H]+(CE) 226, 272 223, 275

Figure 13. Photodissociation mass spectra of (A) [Ala-Tyr + H]+(CE)
(m/z 517) and (B) [Tyr-Ala + H]+(CE) (m/z 517) after 220-nm
photoexcitation. The ions with m/z < 360 were dumped on the detector
after 1.5 revolutions, while the ions with m/z > 360 were dumped on
the detector after 9.5 revolutions.

Figure 14. Photodissociation mass spectra of (A) [Ala-Tyr + H]+(CE)
(m/z 517) and (B) [Tyr-Ala + H]+(CE) (m/z 517) after 270-nm
photoexcitation. The ions with m/z < 360 were dumped on the detector
after 1.5 revolutions, while the ions with m/z > 360 were dumped on
the detector after 9.5 revolutions.
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photoactive electron instead duly jumps back to the electronic
ground state (internal conversion) to give vibrationally hot ions
that dissociate statistically. In this way, we succeeded in
recording the gas-phase absorption spectra of the dipeptides
[Ala-Tyr + H]+(CE) and [Tyr-Ala + H]+(CE) using an
electrostatic ion storage ring. The spectra were obtained from
measurements of the time decays as a function of excitation
wavelength. The decays were to a good approximation expo-
nential, which allowed us to estimate the initial number of
photoexcited ions (relative numbers). In a ring experiment, we
do not encounter the complication of kinetic shifts as seen in
other instruments that rely on a finite time for sampling the
fragments. The gas-phase absorption spectra of the two crown ether
peptide complexes are very similar to those obtained in aqueous
solution, which indicates that the environment only weakly perturbs
the electronic transition energies. Absorption band maxima of all
species under study are summarized in Table 1, from which it is
evident that the band maxima are nearly the same for protonated
Tyr, Ala-Tyr, and Tyr-Ala. This implies that the phenol group is
the photoactive group at all wavelengths from 210 to 300 nm.
Finally, we have reported photodissociation mass spectra as a
function of excitation wavelength both for bare dipeptides and
crown ether complexes. The latter are less prone to internal proton
transfer after excitation, and as a result side chain cleavages take
over from the backbone cleavages observed for the bare ions.
Tagging ammonium groups by crown ether serves a dual purpose:
it eliminates H loss and sequesters the protons.
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ABSTRACT: Oligo(p-phenyleneethynylene)s (OPEs) are
conjugated oligomers of great interest within materials
science and molecular electronics on account of their highly
applicable electronic and optical properties. Here we use gas-
phase action spectroscopy to elucidate how the intrinsic
electronic properties of these chromophores are affected by
nearby charges. An OPE3 chromophore with two nearby
ammonium groups was synthesized. This molecule and a
related OPE3 with only one amine protonation site were
transferred to the gas phase by electrospray ionization and
subjected to action spectroscopy. Ions were bunched in a 14-
pole ion trap, accelerated to 50-keV kinetic energies, mass-to-charge selected by a magnet, and photoexcited in a crossed-beam
configuration. Fragment ions were finally mass-analyzed by an electrostatic analyzer. The setup enables photodissociation mass
spectrometry and action spectroscopy on the microsecond time scale. The gas-phase absorption of the mono- and dication was
measured and compared to that of neutral chromophores in solution. Similar absorption was found for neutral chromophores
(in solution) and the dication (in gas phase or solution), whereas the monocation absorbs at lower energies in the gas phase. Simple
electrostatic considerations lead to an energy difference like the one found from the experiment. The work presented here addresses
how the electronic properties of a π-conjugated system are affected by nearby charges, a question of fundamental interest in, for
example, molecular electronics.

’ INTRODUCTION

Oligo(p-phenyleneethynylene)s (OPEs) and similar conju-
gated oligomers are widely used within materials science and,
among others, they have potential as wires in molecular elec-
tronics.1 It is possible to tune the optical properties by a change of
the length or addition of substituents to the chromophore. Despite
extensive work, the intrinsic electronic properties of the mole-
cules are not yet fully understood.

Earlier studies of OPEs revealed that a nearby positive
charge affected the electronic properties of the chromophore.2

The nearby charge was obtained by attachment of a CH2C-
H2NH2 group to the chromophore (Figure 1). The group does
not influence the conjugated entity, but it enables protonation
and thereby provides a nearby charge. The energy gap between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the mono-
cation (1) in gas phase was found to be smaller than that of the
neutral chromophore (0) in solution,3 in contrast to the expected
hypsochromic solvent shift. Hence the dominant effect must stem
from the nearby charge. Here we follow this line and present
synthesis and gas-phase absorption of the chromophore with two
symmetrically placed nearby charges (2) with the aim to further
explore the effect of nearby charges on a conjugated system.

The earlier reported gas-phase experiment of 1was carried out
at the electrostatic ion storage ring in Aarhus (ELISA),4,5 where
the number of neutrals formed after photoexcitation was mea-
sured as a function of wavelength. The experiment only sampled
neutrals formed by delayed fragmentation, from tens of micro-
seconds onward. Due to a shorter fragmentation time for the
dication (2), the storage ring was not applicable here. Instead an
instrumental setup was built that facilitates gas-phase photodis-
sociation mass spectroscopy and action spectroscopy on the time
scale of a few microseconds. This setup was used to record the
action spectrum of the symmetric OPE dication in vacuo.

’SYNTHESIS

The symmetricalOPE3 2was prepared according to Scheme 1.
First the amine 3 was protected with t-butyloxycarbonyl (Boc),
which provided compound 4. A palladium-catalyzed Sonogashira
cross-coupling reaction6 with triisopropylsilylacetylene furnished
compound 5, by use of the catalyst system developed by Hundert-
mark et al.7 Desilylation by tetrabutylammonium fluoride pro-
vided the terminal alkyne that was then subjected to a 2-fold
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X

1223 dx.doi.org/10.1021/jp111134t |J. Phys. Chem. A 2011, 115, 1222–1227

The Journal of Physical Chemistry A ARTICLE

Sonogashira reaction with the known diiodide 6. Hereby the
symmetrical OPE3 7 was obtained. Finally, the Boc groups were
removed by treating 7 with phenol and trimethylsilyl chloride in
dichloromethane, which caused the hydrochloride salt 2 3 2Cl

- to
precipitate. Precipitation was completed by the addition of pentane,
and the product was washed thoroughly with toluene.

’ INSTRUMENTAL SETUP

The setup for action spectroscopy was constructed from a
tandem accelerator mass spectrometer that has previously been
used for collision and electron capture induced dissociation exper-
iments.5,8 The instrument is equipped with an electrospray ion
source. A 14-pole trap was implemented to allow for pulsed
experiments, and a 20-Hz pulsed tunable EKSPLA laser was used
for photodissociation; see Figure 2. Ions formed by electrospray
ionization were accumulated in the trap and thermally equili-
brated by collisions with a room-temperature helium buffer gas
therein. This ion source setup is successfully used in the storage
ring experiment. The ions were accelerated as a bunch to 50-keV
kinetic energies per charge, and a bending magnet was used to
select the appropriate ions. Subsequently the ions were irradiated
by a nanosecond laser pulse perpendicular to the ion beam, that
is, a crossed-beam configuration. Ions that existed after photo-
excitation, that is, daughter and parent ions, were selected according
to their kinetic-energy-to-charge ratio by an electrostatic analyzer
(ESA) and guided to a channeltron detector. The flight times
from the interaction region to the ESA are 3.8 and 2.8 μs for 1
and 2, respectively, and thus we sampled daughter ions formed
within this time. The repetition rate of the experiment was 20Hz.

The laser is a Nd:YAG laser where the third harmonic (355 nm)
pumps an optical parametric oscillator (OPO). The visible out-
put from this OPO was frequency-doubled in a crystal providing
UV light. Typical pulse energies are 0.2-4 mJ (UV region), 1.8 mJ
(visible region), and 0.3-1.5 mJ (IR region). For electrospray
the molecules were dissolved in water/methanol (1:1) with acetic
acid (10% vol).

’RESULTS

First we measured the number of daughter ions with a par-
ticular m/z- ratio that hit the detector as a function of time.
Figure 3 shows the spectrum of the daughter ions formed from
loss of two ammonia [M2þ - 2NH3] from the parent dication
after photoexcitation with 300-nm laser light. The time spectrum
contains a constant background level and a laser-induced peak.

Figure 1. Oligo(p-phenyleneethynelene) chromophore as a neutral chro-
mophore (0), as a cation (1) with one protonation site, and as a dication (2)
with two protonation sites. The lower part shows the potential of an elec-
tron for 1 and 2 being asymmetric and symmetric, respectively.

Scheme 1
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The width of the ion bunch was 25 μs, and the laser was fired
in the first half of the pulse. The background level was a result
of collision-induced dissociation (CID) as the ions collide with
residual gas in the beamline, where the pressure is on the order of
10-6 mbar. The level serves as a measure of the ion beam intensity.
Photoexcitation led to an increase in the daughter ion formation,
which appears as the sharp “laser peak” in the spectrum. The
number of counts in the peak is proportional to the number of
photoexcited ions that dissociate into this particular fragment,
that is, the photofragment yield.

To obtain a photodissociation mass spectrum, a timing gate
of 400 ns was set around the laser-induced peak, as illustrated in
Figure 3. The voltage on the ESA was then scanned to measure
the photofragment yield as a function of mass/charge. The gate
helps to increase the signal-to-noise ratio of the measurement, since
only the CID contribution within the timing of the gate is counted.
Figure 4 displays the fragments formed by CID (black curve) and

photoinduced dissociation (PID) (red curve) at 300 nm for 2. A
photoinduced signal is found for three fragments (m/z 194,
203.5, and 394), corresponding to loss of two NH3, one NH3,
and CH2NH3

þ, respectively. The inset shows how the photo
yield depends on the wavelength for the M2þ- 2NH3 fragment.
The photodissociation mass spectrum reveals the photoinduced
fragments to be monitored for action spectroscopy.

Absorption cross sections, relative rather than absolute num-
bers, are obtained from the time spectra as the photo yield divided
by the ion beam intensity (CID background) and the number of
photons in the laser pulse. The dissociation is a result of single
photon absorption as the photofragment yield increases linearly
with the energy of the laser pulse; see Figure 5. The action spectra
for the three laser-induced fragments of 2 are presented in Figure 6.
Absorption initiates at 360 nm and increases with decreasing
wavelength. From the time spectra it is evident that the m/z 194
fragment has the highest photo yield.

Only a single photoinduced fragment, Mþ-NH3, was found
for 1, and the corresponding action spectrum is given in Figure 7,

Figure 2. Setup used for photodissociation mass spectroscopy and action spectroscopy on gas-phase molecular ions on the microsecond time scale. A
tandem mass spectrometer is combined with an ESI ion source (see details in the text), a trap, and a tunable laser system.

Figure 3. Time spectrum of the m/z 194 fragment ions of 2 hitting the
detector as a function of time. The ion bunch is 25 μs long. Collision-
induced dissociation results in a constant background level, and laser-
induced dissociation occurs as a 310-nm laser pulse is fired. The timing
gate used for mass spectrometry is shown.

Figure 4. Mass spectrum of 2 without laser (black line) and with 310-
nm laser light (red line). Photodissociation is found for three fragments
(m/z 194, 203.5, and 394). Note that the m/z 203.5 fragment is not
discernible in the full spectrum but is found with a narrow scan around
this mass region. (Inset) Wavelength dependency of them/z 194 fragment.
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panel B. Panel A shows the previous spectrum from the storage
ring experiment. Notice the similarity of the two spectra despite
the difference in the experimental method; one samples all neutrals
formed from 40 μs and so on, and the other a single daughter ion
formed right after excitation and up to 3.8 μs. In both spectra,
the absorption initiates at 390 nmwith a band maximum at about
360 nm.

Figure 8 displays the absorption of the corresponding
neutral amine of 1 (unprotonated) in toluene and the
chloride salt of 2 in acetonitrile. For both compounds the
absorption starts from 360 nm and extends below 300 nm
as a broad band with some fine structure. For the neutral amine
of 1, longest-wavelength absorption peaks/shoulders are
found at 348 and 329 nm and for compound 2 3 2Cl

- at 349

and 329 nm. Addition of trifluoroacetic acid to the neutral
amine solution of 1, causing protonation, did not alter the
absorption maxima, but the intensities increased somewhat.
The similar absorption behavior of the compounds studied
in solution resembles that of related, neutral OPE3s, such
as 0,3 All in all, solvent and ion-pairing effects seem to screen
for any effect exerted by the positive charges in the cations
1 and 2.

Figure 5. Photo yield of the m/z 194 fragment from 2 as a function of
pulse energy at 310 nm. The dissociation is due to single photon absorp-
tion as the yield increases linearly with laser energy.

Figure 6. Action spectrum of 2 for the three photosensitive frag-
ment ions: (A) m/z 194, (B) m/z 203.5, and (C) m/z 394.
Absorption initiates at 360 nm and increases with decreasing
wavelength.

Figure 7. Action spectra of 1measured (A) at the storage ring and (B)
at the new instrumental setup. The two spectra show absorption from
390 nm and band maxima at 360 nm. (C) Reprint of them/z 194 action
spectrum of 2 (Figure 6 A) for easy comparison. It is seen that the
absorption of 1 is 30 nm to the red of that of 2.

Figure 8. Absorption spectra of (A) the neutral amine of 1 in toluene
and (B) the salt 2 3 2Cl

- in acetonitrile.
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’DISCUSSION

We now combine the above results to obtain knowledge on
the effect of nearby charges. The similar absorption found for the
three neutral chromophores in solution indicates that the CH2C-
H2NH2 groups alone do not affect the longest-wavelength absorp-
tion. Thus the change in the absorption of the ions in the gas
phase must be an effect of the nearby charges. For the dication, an
absorption profile similar to the one for the neutral chromophores
is found, whereas the absorption of the monocation initiates
further to the red by approximately 30 nm.

As one nearby charge is added to the chromophore, an asym-
metric potential like the one shown in Figure 1 arises, with sub-
sequent decrease in the HOMO-LUMO gap. Upon excitation
the electron moves closer to the single positive charge in 1, and
consequently the excitation energy decreases. For comparison,
Jouvet and co-workers10 recently showed that the absorption of
protonated naphthalene is to the red of that of neutral naphtha-
lene by 1.53 eV. The addition of yet another charge results in a
symmetric potential, Figure 1, and an increase in the HOMO
-LUMO gap. As the electron moves closer to one positive charge,
it moves away from the other, and thus the energy gained from
the Coulomb interaction is less. From simple electrostatic con-
siderations the difference in the potentials for 1 and 2, at the
carbon closest to the nearby charge in 1, is found to be 1 eV
(maximum shift), in nice agreement with the experimental results.
Symmetric charge distributions (0 and 2) result in similar absorp-
tion profiles (cf. solution spectrum of 0 and gas-phase spectrum
of 2), whereas the asymmetric charge distribution in 1 results in a
red-shifted gas-phase absorption spectrum. Hence the effect of
nearby charges on the chromophores is merely determined by
the charge distribution.

’CONCLUSION

The effect of a nearby charge on a conjugated system has been
studied by action spectroscopy experiments. A new oligo(p-
phenyleneethynylene) with two ammonium groups was pre-
pared by palladium-catalyzed reactions. The gas phase action
spectrum of this dicationic compound was recorded and com-
pared to an OPE3 with only one ammonium group (monocation).
We find that the asymmetric charge distribution of the monoca-
tion results in a decrease in the HOMO-LUMO energy gap
compared to the dication. Simple electrostatic consideration
provides a similar energy shift. Thus, from gas-phase studies
on isolated molecules, it transpires that nearby positive charges
clearly affect the electronic absorption ofπ-conjugatedmolecular
ions. This effect is not revealed from solution studies, as the
solvent and counterions effectively cancel out any influence
exerted by the ammonium group. These results may be of
relevance to charge transfer through conducting molecular
wires.

’EXPERIMENTAL SECTION

General Procedures. All catalytic couplings were performed
in degassed solvents and under Ar. Dry solvents were provided by
an Innovative Technology Puresolv apparatus or dried over 4 Å
molecular sieves. Silica gel (0.040-0.063 mm) was used for
flash chromatography. When carbamates were purified by
flash chromatography, the silica was neutralized by use of
triethylamine followed by several flushes with the eluent.
Thin-layer chromatography (TLC) was performed on silica

gel-coated aluminum foils (alumina foil 60 F254). NMR spectra
were obtained on Varian 300 or 500 MHz instruments at room
temperature. Melting points were obtained by use of a melting
tablemicroscope.Microwave synthesis was performed in suitable
vials fitted with septa.
tert-Butyl 4-Bromophenethylcarbamate (4). Compound 3

(100 mg, 0.50 mmol) was dissolved in CH2Cl2 (20 mL) and
treated with (Boc)2O (120mg, 0.55 mmol). Themixture was left
to stir for 3 h, after which it was washed with aqueous NH4Cl
(saturated, 20 mL), NaHCO3 (saturated, 20 mL), and water
(20 mL). The organic phase was dried with MgSO4 and the
solvent was removed in vacuo. The solid residue was crystallized
from cyclohexane to afford the product 4 (0.148 g, 98%) as an
off-white solid, mp 61-63 �C. 1HNMR (300MHz, CDCl3): δ =
1.42 [s, 9H, C(CH3)3], 2.75 (t, J = 6.8 Hz, 2H, CH2), 3.34 (t, J =
6.8 Hz, 2H, CH2), 4.55 (br s, 1H, NH), 7.06 (d, J = 8.5 Hz, 2H,
Ar), 7.42 (d, J = 8.5 Hz, 2H, Ar). 13CNMR (75MHz, CDCl3): δ =
27.7, 28.6, 35.9, 41.8, 120.5, 130.8, 131.9, 138.2, 156.0. MS
(FABþ): m/z = 300.1 (MHþ). Calcd for C13H18BrNO2: C
52.01, H 6.04. Found: C 52.13, H 6.31.
tert-Butyl 4-[(Triisopropylsilyl)ethynyl]phenethylcarbamate

(5). [Pd(PhCN)2Cl2] (25 mg, 0.065 mmol) and CuI (6 mg,
0.03 mmol) were dissolved in tetrahydrofuran (THF, 1 mL) and
toluene (1 mL), and then (t-Bu)3P (0.10 mL, 1 M in toluene)
was added to the catalyst, resulting in a black mixture. The bro-
mide 4 (200 mg, 0.66 mmol) was transferred to a microwave vial
and flushed with Ar for a couple of minutes, and then triisopro-
pylsilylacetylene (1 mL, 3.8 mmol) was added. The preformed
catalyst mixture was transferred to this mixture via syringe, fol-
lowed by Et3N (2 mL). The mixture was heated in a microwave
reactor at 45 �C for 15 min. The resulting mixture was diluted
with CH2Cl2 (20 mL) and washed with aqueous NH4Cl (sat-
urated, 20 mL). The organic phase was dried with MgSO4 and
the solvent was removed in vacuo. Purification by flash chroma-
tography (SiO2, CH2Cl2/cyclohexane 1:1) gave the product 5
(195 mg, 73%) as a slightly yellow oil. 1H NMR (300 MHz,
CDCl3): δ = 1.12 (s, 21H, i-Pr), 1.43 [s, 9H, (CH3)3], 2.78 (t, J =
6.8 Hz, 2H, CH2), 3.36 (t, J = 6.8 Hz, 2H, CH2), 4.46 (br s, 1H,
NH), 7.12 (d, J = 8.2 Hz, 2H, Ar), 7.42 (d, J = 8.2 Hz, 2H, Ar).
13C NMR (75 MHz, CDCl3): δ = 11.4, 19.2, 28.6, 34.6, 40.5,
78.7, 98.6, 102.4, 120.1, 129.7, 133.7, 138.7, 156.7. HR-MS
(ESPþ) m/z = 402.2844 (MHþ); calcd for C24H39NO2Si m/z =
402.2828.
tert-Butyl 2,20-[4,40-(2,5-Diethyl-1,4-phenylene)bis(ethyne-

2,1-diyl)bis(4,1-phenylene)]bis(ethane-2,1-diyl) Dicarbamate
(7). Compound 5 (250 mg, 0.62 mmol) was dissolved in CH2Cl2
(10mL), and Bu4NF (1M inTHF, 1mL, 1mmol) was added. The
desilylation was complete within 1 h according to TLC inspection.
The solution was diluted with diethyl ether (25 mL) and washed
with water (25 mL). The organic solvent was removed at reduced
pressure and the terminal alkyne product was carried on to the next
step without further purification. [Pd(PhCN)2Cl2] (25 mg, 0.065
mmol) and CuI (6 mg, 0.03 mmol) were dissolved in THF (1 mL)
and toluene (1 mL), and then (t-Bu)3P (0.10 mL, 1 M in toluene)
was added to the catalyst, resulting in a blackmixture. The diiodide6
(100 mg, 0.24 mmol) was transferred to a microwave vial and
flushed with Ar for a couple of minutes, whereupon the terminal
alkyne was added. The preformed catalyst mixture was added by sy-
ringe, followed by Et3N (1 mL), and the mixture was heated in a
microwave reactor at 45 �C for 15 min. The resulting mixture was
diluted with CH2Cl2 (20 mL) and washed with aqueous NH4Cl
(saturated, 20 mL). The organic phase was dried with MgSO4, and
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the solventwas removed in vacuo. Purification by flash column chro-
matography (SiO2, CH2Cl2) afforded the product 7 (102mg, 62%)
as an off-white solid. 1H NMR (300 MHz, CDCl3): δ = 1.30 (t, J =
7.6 Hz, 6H, CH3), 1.44 [s, 18H, (CH3)3], 2.83 (m, 8H, CH2), 3.38
(br m, 4H, CH2), 4.54 (br s, 2H, NH), 7.19 (d, J = 8.2 Hz, 4H, Ar),
7.37 (s, 2H, Ar), 7.47 (d, J = 8.2 Hz, 4H, Ar). 13C NMR (75 MHz,
CDCl3): δ = 14.9, 27.4, 28.6, 36.4, 41.8, 78.9, 88.3, 94.1, 121.8,
122.7, 129.1, 131.7, 131.9, 139.7, 143.6, 156.0.HR-MS(ESPþ)m/z=
643.3533 (M þ Naþ); calcd for C40H48N2O4Na m/z =
643.3512.
2,20-[4,40-(2,5-Diethyl-1,4-phenylene)bis(ethyne-2,1-diyl)bis(1,

4-phenylene)]diethylammoniumchloride (2 3 2Cl
-). The Boc-

protected amine 7 (96 mg, 0.15 mmol) was dissolved in CH2Cl2
(1.0 mL), and then phenol (90 mg, 1 mmol) and chlorotri-
methylsilane (0.15 mL, 1.2 mmol) were added. After 40 min, TLC
showed complete Boc deprotection, and the HCl salt of the
amine started to precipitate. Pentane (2 mL) was added to enforce
complete precipitation, and the precipitate was collected and
washed twice with toluene to afford the product 2 3 2Cl

- (64 mg,
100%) as an off-white solid, mp 260 �C (decomp). 1H NMR
(500 MHz, DMSO-d6): δ = 1.17 (t, J = 7.5 Hz, 6H, CH3), 2.78
(q, J = 7.5 Hz, 4H, CH2), 2.91 (t, J = 7.6 Hz, 4H, CH2), 3.06 (br t,
4H, CH2), 7.33 (d, J = 8.2 Hz, 4H, Ar), 7.43 (s, 2H, Ar), 7.51 (d,
J = 8.2 Hz, 4H, Ar), 8.02 (br, 6H, NH3

þ). Not soluble enough for
13C NMR. HR-MS (ESPþ) m/z = 211.1334 ([M - 2Cl]2þ);
calcd for doubly charged C30H34N2 m/z = 211.1355.
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a b s t r a c t

Here we report the gas-phase action spectrum of tris(2,2′-bypyridine)ruthenium(II) dications,
Ru(bipy)3

2+, recorded over a broad wavelength region from 210 nm to 650 nm. Ions formed by electro-
spray ionization were thermalized in collisions with helium buffer gas at room temperature in a 22-pole
ion trap. A bunch of ions was then accelerated to keV-kinetic energies and injected into an electrostatic
ion storage ring in which they circulated with a revolution time of 69 microseconds. After several mil-
liseconds to allow for the decay of metastable ions, the ions were photoexcited and their decay monitored
in time. Dissociation was found to occur on the microsecond time scale. Based on the time spectra, the
initial number of photoexcited ions was estimated at each wavelength (relative and not absolute num-
bers). This approach circumvents the problem of kinetic shifts often encountered when dissociation is
sampled within a finite time interval in the case of finite length time-of-flight instruments. The obtained
absorption spectrum is found to be similar to the solution phase spectrum (acetonitrile solvent) but
with a blueshift of the lowest energy metal-to-ligand charge transfer transition. This finding indicates a
localized electronic transition in solution involving only one of the bipyridine ligands. There are small
differences in the relative intensities of the bands between the gas-phase and solution-phase spectra.
Finally, our gas-phase spectrum serves as a reference to benchmark theoretical calculations of excited
states.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Tris(2,2′-bipyridine)ruthenium(II), Ru(bipy)3
2+, has become a

text-book case for coordination chemistry. It is one of the most
extensively studied and widely used transition metal complexes
due to its interesting photophysical and photochemical properties
[1–3]. The ground state of the complex is a singlet, and the high-
est occupied molecular orbitals are predominantly localized on the
metal whereas the lowest unoccupied molecular orbitals are on the
ligands. Electronic transitions can be categorized as metal-centered
(dd), ligand-centered (��*), metal-to-ligand (ML) and ligand-to-
metal (LM) charge transfer (CT). The transition energies depend
on the metal and ligand orbitals and the coupling between them,
and they may be perturbed by a chemical environment such as a
solvent. Owing to its stability, high extinction coefficients and long-
lived excited states, Ru(bipy)3

2+ is suitable as a light-harvesting
antenna, applicable in dye-sensitized solar cells and in artificial
photosynthesis [4–7].

While the complex that belongs to the D3 point group has
zero dipole moment in its electronic ground state, it may have a

∗ Corresponding author.
E-mail address: sbn@phys.au.dk (S.B. Nielsen).

permanent dipole moment in an excited state if the excitation is
localized, that is, if the photoactive electron is localized on a single
ligand rather than delocalized over all three. The molecular sym-
metry is then reduced from D3 to C2, cf. [Ru(III)(bipy)−(bipy)2]2+.
Experiments in different solvents have been performed to elucidate
the character of the transitions, and it was found that the low-
est energy band was slightly sensitive to solvent which implies a
non-zero dipole moment in the excited state [8–10]. Raman exper-
iments point in the same direction [11,12] whereas evidence has
been found in solid matrices for the photoexcited electron to be
delocalized among the ligands [13,14]. Femtosecond time-resolved
absorption anisotropy measurements revealed time dependence
in nitrile solutions attributed to initial delocalization followed by
charge localization [15].

Information on the nature of the excited state can also be
obtained from a comparison between the absorption spectrum
of the bare ion isolated in vacuum and that of the ion in bulk
solution. The difference is expectedly larger than that between dif-
ferent solvents. An obstacle, however, is that the binding energy
of the bidentate bipyridine ligand is high, and it is therefore dif-
ficult to identify photofragmentation within the limited sampling
time interval of for example time-of-flight instruments. Previous
work by Posey and co-workers [16–19] was focused on microsol-
vated Fe(bipy)3

2+ and Fe(terpy)2
2+ (terpy = 2,2′,2′′-terpyridyl) ions

1387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2010.05.019
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Fig. 1. Schematic layout of the electrostatic ion storage ring ELISA.

Fig. 2. Time spectrum of Ru(bipy)3
2+. At early times, decay of vibrationally excited

ions dominate over decay due to collisions with residual gas in the ring. Photoexci-
tation leads to an increased yield of neutrals.

for which solvent molecules readily evaporate after photoexcita-
tion.

The problem of observing dissociation in action spectroscopy
experiments is largely overcome in storage ring experiments or
ion traps where fragmentation is monitored over a long time scale,
in rings often from tens of microseconds to tens of milliseconds
[20,21]. In the present work we have probed the influence of
solvent on the energy of electronic transitions of the coordina-
tion complex Ru(bipy)3

2+ from measurements on bare ions using
the electrostatic ion storage ring in Aarhus (ELISA). The yield of
photofragments was monitored from 210 nm to 650 nm.

2. Experimental

Experiments were carried out at the electrostatic ion storage
ring in Aarhus (ELISA) (see Fig. 1) [22,23]. [Ru(bipy)3](ClO4)2 was
dissolved in MeOH to a concentration of about 10 mM and elec-
trosprayed [24]. In this way Ru(bipy)3

2+ ions were produced that
were subsequently accumulated in a 22-pole ion trap and thermally
equilibrated by collisions with a room temperature helium buffer
gas therein. The ions were accelerated as an ion bunch to kinetic
energies of 22 keV × q (q = charge state), and a bending magnet was
used to select the appropriate ions. Following injection into the
ring, the ions were stored for several milliseconds before being
irradiated by a nanosecond light pulse from a tuneable, pulsed
EKSPLA laser. This allowed for the decay of ions that were colli-
sionally excited during the extraction from the ion trap or during
injection into the ring (see Fig. 2). The laser is an Nd:YAG laser
where the third harmonic (355 nm) pumps an optical parametric
oscillator (OPO). The visible output from this OPO was frequency
doubled in a crystal providing UV light with a beam diameter of
about 5 mm. The repetition rate of the experiment was 10 Hz. Disso-
ciation was a result of one-photon absorption (vide infra). In another
experiment on Fe(bipy)3

2+, where the ring was used as a mass spec-

Fig. 3. Yield of neutrals as a function of time after photo-excitation. The sum of three
exponentials was fit to the data. Time constants of about 50 �s and 500 �s were
found for dissociation of photoexcited ions while dissociation due to collisions with
residual gas in the ring occurred with a time constant of 100 ms.

trometer, it was found that a dominant fragmentation channel is
loss of bipy, and likewise bipy loss has been observed in collision-
induced dissociation experiments on Ru(bipy)3

2+ [24,25]. Lifetimes
were obtained from measurements of the yield of neutrals hitting
the microchannel plate (MCP) detector located at the end of the
straight section opposite to the side where photoexcitation was
performed (i.e., delayed dissociation experiment). The pressure in
the ring was about 10−10 mbar.

Solution-phase absorption spectroscopy was carried out using
a Thermo Spectronic he�lios � instrument. The [Ru(bipy)3](ClO4)2
salt was home-made and dissolved in acetonitrile.

3. Results and discussion

Time spectra taken at three different excitation wavelengths
are shown in Fig. 3. Three exponentials are required to satisfac-
torily describe the decays. Photon absorption leads to dissociation
on the microsecond time scale while dissociation due to collisions
with residual gas in the ring occurs on the hundred millisecond
timescale. The smallest time constant increases with wavelength
from 45 �s at 210 nm to 62 �s at 435 nm in accordance with sta-
tistical dissociation. The second time constant is about 500 �s
for all three wavelengths, and finally the third time constant is
100 ms.

The yield of photofragments increases linearly with the num-
ber of photons in the laser pulse (see Fig. 4 for 430-nm excitation),
which implies that the dissociation is due to absorption of one pho-
ton. The requirement of two time constants to account for the decay
due to photon absorption is most likely a consequence of the width
of the internal energy distribution; not all ions have exactly the
same energy after photoexcitation [26,27]. In principle there would
be a time constant associated with each internal energy deter-
mined by the activation energy and preexponential factor for the
dissociation process but since two are sufficient we decide against
using more exponentials. Another interpretation of the long life-
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Fig. 4. The yield of photofragments as a function of energy of the laser pulse. The
wavelength of the light was 430 nm.

time component is trapping in a long-lived electronically excited
state that acts a bottleneck to the dissociation (vide infra).

Based on the exponentials, we estimated the initial number of
photoexcited ions (relative numbers) at each wavelength. These
numbers were divided by the average number of photons in the
pulse and corrected for differences in ion beam intensities to
provide values for absorption. The signal from collision induced
dissociation serves as a measure of the ion beam intensity. A clear
advantage of this method is that we correct for variations in dis-
sociation lifetimes after photoexcitation, which is an issue when
dissociation is sampled in a too short time interval.

In our experiment, we can only identify absorption if it leads
to fragmentation (action spectroscopy), and neutrals have to be
formed. Light emission would result in cold ions that do not have
enough excess energy for dissociation. To equate the action spec-
trum with the absorption spectrum, it is therefore an assumption
that the luminescence quantum yield is the same for all excitation
wavelengths. It is known for Ru(bipy)3

2+ that radiationless deac-
tivation to the lowest excited state, 3MLCT, occurs quickly with
a quantum yield close to unity [1]. This state does not undergo
fast radiationless decay to the ground state, and it is highly lumi-
nescent (quantum yield of about 0.4). The radiative lifetime of
the excited complex in a rigid alcoholic glass is 13 �s but both
the emission lifetime and quantum yield decrease with temper-
ature as thermally activated radiationless deactivation can occur
via upper-lying metal-centered excited states (dd) [1]. Since vibra-
tional cooling does not occur for isolated ions in vacuo neglecting
infrared emission, the excited-state lifetime and luminescence are
likely smaller than in solid phase. Still we caution that the lumi-
nescence quantum yield may change with excitation wavelength
though most likely not very much within a band. Also if dissocia-
tion occurs promptly in an electronically excited state or two singly
charged ions are formed in a Coulomb explosion process, we are
blind to it. High-energy collision experiments (keV energies) that
lead to broad internal energy distributions and that often involve
electronically excited states, however, reveal that the formation of
[Ru(bipy)2-H]+ and bipyH+ is a minor process compared to loss of
bipy [25].

Decay is first sampled 35 �s after photoexcitation which is
longer than the excited-state lifetime of 13 �s, and we assume that
most of the ions at this time are in their electronic ground state. The
attribution of the second time constant to long-lived triplet-state
excited ions is therefore less likely.

The action spectrum is shown in Fig. 5, top panel. The uncertain-
ties in the data points are dominated by fluctuations in laser pulse

Fig. 5. Absorption spectra of Ru(bipy)3
2+ isolated in vacuum (top panel) and in ace-

tonitrile solution (lower panel). Band assignments are taken from [2]. The blue line
is drawn to guide the eye. (For interpretation of the references to color in the caption
of this figure, the reader is referred to the web version of the article.)

Table 1
Absorption band maxima (in nm) of Ru(bipy)3

2+.

Transition LMCT dd ��* LMCT ��*

In vacuo 430 310 283 247 <210
In acetonitrile solution 452 319 286 243 195

energies and are estimated to be less than 10%. Bands are assigned
to MLCT transitions at 430 nm and 247 nm, ligand-centered ��*
transitions at 283 nm and 210 nm, and a metal-centered dd tran-
sition at 310 nm, see [2]. For comparison, the solution-phase
spectrum taken in acetonitrile is shown in the lower panel of the
figure. The band maxima are summarized in Table 1. The band posi-
tions are almost identical with the exception of a significant redshift
of the 430-nm band to 452 nm upon solvation. This can be explained
by charge localization introduced by the solvent which decreases
the energy of the charge transfer from the metal to the ligand.
The MLCT bands are known to be most sensitive to solvent effects
[9]. For comparison, Posey and co-workers [17] measured the red
edge of the MLCT band of Fe(bipy)3

2+ and found that methanol
caused a redshift in the absorption band, which reflects a more
favorable interaction between the excited state of Fe(bipy)3

2+ and
the methanol molecules relative to its ground state. In the case of
Ru(bipy)3

2+, the ground state is nonpolar whereas the MLCT excited
state is highly polar; a value for the excited-state dipole moment
of 14.1 ± 6.1 D has been reported by Meyer and co-workers [8].
Our data are consistent with the formulation of the excited state
as localized, Ru(bipy)2

3+(bipy)−, and not delocalized having the
promoted electron confined to the �* orbital over all three bipy
ligands. Interestingly, a redshift was not measured for the 247-nm
band, which indicates that in this case the excited state has more
delocalized character.
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Small differences are seen in the relative intensities of the bands
where the high energy band is much larger in the gas phase than
in solution. Also the dd transition is more pronounced in the gas
phase. These differences could be related to wavelength-dependent
luminescence.
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a b s t r a c t

Tetrathiocyanoplatinate(II), PtðSCNÞ2�4 , isolated in vacuo was subjected to a range of experiments. From
storage ring measurements the dianions were found to be stable on the seconds time scale. At another
instrumental setup, ions were photoexcited with UV light, and the dominant decay channel was electron
detachment. The yield of PtðSCNÞ�4 monoanions as a function of wavelength provided the action spec-
trum. Maximum absorption occurs at �240 nm, and the spectrum is similar to the absorption spectrum
of PtðSCNÞ2�4 in methanol solution, which implies that a solvent perturbs the ground state and the elec-
tronically excited state in the same manner.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Molecular dianions have spurred the interest of experimental-
ists and theorists for several years due to the fact that these fragile
ions exhibit very different physics and chemistry when isolated in
vacuo compared to when they are in solution phase [1–6]. Familiar
dianions like sulfate that exist in solution do not survive for long
without a stabilizing water environment [7,8]. In general, decay
processes involve either electron autodetachment or Coulomb
explosion into two monoanions with a significant release of trans-
lational kinetic energy. In both cases an internal Coulomb barrier
has to be surmounted, which implies that unstable dianions may
still live long enough (>microseconds) for mass spectrometric
identification. The time for electron loss is often determined by
the tunneling rate through the barrier. Dianions are optimal bench-
mark systems for quantum chemical calculations since they are
systems for which electron correlation is of the utmost importance.

One class of important dianions is inorganic metal ion com-
plexes that are characterized by a positively charged metal center
and negatively charged ligands. Significant work has been carried
out to understand their fundamental physical properties [9–23]
but there is limited spectroscopic information on their electroni-
cally excited states. Here we focus on the PtðSCNÞ2�4 complex and
report results from lifetime measurements in an electrostatic ion
storage ring as well as spectroscopy experiments at a single pass
beam instrument. The formal oxidation state of the platinum cen-
ter is +II with a d8 electron configuration. This dianion displays

very different behavior to that of CrðSCNÞ2�4 which was previously
studied in our laboratory [10]. Our results are compared to those
for other four-coordinate platinum complexes, and the role of sol-
vation on the excited state physics is discussed.

2. Experimental

Experiments were carried out at two different instrumental set-
ups; the electrostatic ion storage ring in Aarhus (ELISA) [24,25] and
an accelerator mass spectrometer [26,27]. In both cases, ions were
produced by electrospray ionization of K2Pt(SCN)4 dissolved in
methanol. These were accumulated in a multipole ion trap and
thermalized to room temperature in collisions with helium buffer
gas. Ion bunches were accelerated to keV energies (22 and 50 kV
acceleration voltages for the ring and single pass experiments,
respectively), and ions of interest selected by a bending magnet.

ELISA was used to measure dianion lifetimes. Briefly, ions with a
certain mass-to-charge ratio (m/z) were injected into the ring
where they were stored based on electrostatic deflectors. The yield
of neutral fragments produced in one of the straight sections of the
ring was monitored as a function of time with a microchannel plate
detector. The pressure in the ring was about 10�10 mbar which set
an upper limit on the storage time due to collisions with residual
gas. The ring was emptied of ions and filled with a new ion bunch
every 5 s.

At the other setup, mass-selected ions were photoexcited with
laser light in a perpendicular configuration. To produce the neces-
sary UV light, the output of an Nd:YAG laser was first frequency tri-
pled to 355-nm light. This light was then split into infrared and
visible light by an optical parametric oscillator. Finally, the visible

0009-2614/$ - see front matter � 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2010.12.025
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light was frequency doubled to provide ultraviolet light with a
pulse width of about 6 ns. The laser system is from EKSPLA, and
the repetition rate of the experiment was 20 Hz. An electrostatic
analyzer and a channeltron detector were used to determine the
product ions and their abundances. To improve the signal-to-noise
ratio of the measurement and to minimize the contribution from
residual gas collisions, a time gate was used to record ions
produced mainly by photoexcitation.

Solution-phase absorption spectroscopy experiments were
carried out using a Thermo Spectronic helios a instrument.
K2Pt(SCN)4 was dissolved in methanol and a spectrum recorded
from 200 to 300 nm.

3. Results and discussion

The time spectrum of PtðSCNÞ2�4 (m/z 213) is shown in Figure 1
together with that of adenosine 50-monophosphate (AMP) (m/z
345). AMP is a stable monoanion, and its time spectrum provides
a measure for the time constant with respect to destruction from
collisions with residual gas in the ring. Both ions display long life-
times of about 0.6 s, and we therefore conclude that the dianion is
stable on the seconds time scale. There is a contribution to the
decay from a component that has a shorter lifetime of 0.15 s. This
is most likely due to the decay of collisionally excited ions formed
during extraction from the ion trap. A similar component is present
in the AMP time spectrum but there the time constant is shorter
(18 ms).

Storage ring experiments on PtðSCNÞ2�6 , NiðCNÞ2�4 , PtðCNÞ2�4 ,
PtðCNÞ2�6 , PdðCNÞ2�4 , and PdðNO2Þ2�4 , all produced by electrospray

ionization, showed that these square-planar and octahedral com-
plexes are also stable on the seconds time scale (data not shown).
The lifetime of NiðCNÞ2�4 (m/z 81) is shortest (0.3 s) which is as-
cribed to its higher velocity; after 22-kV acceleration its velocity
is a factor of two higher than that of AMP. In other words, the dis-
tance NiðCNÞ2�4 travels in 0.3 s is approximately the same as that
which AMP travels in 0.6 s.

Interestingly, the behavior of PtðSCNÞ2�4 is very different from
that of CrðSCNÞ2�4 formed after electron transfer from sodium
atoms to CrðSCNÞ�4 monoanions [10]. Attempts to prepare
CrðSCNÞ2�4 in the ion source and select them by the magnet were
unsuccessful. Indeed, CrðSCNÞ2�4 was shown to be unstable and
Coulomb exploded into CrðSCNÞ�3 and SCN� on the microsecond
time scale with about 3 eV released as translational kinetic energy.
In accordance with this, density functional theory calculations
indicated that the non-planar dianion with d4 electron configura-
tion was electronically unstable by 0.1 eV and unstable towards
loss of SCN� by 0.56 eV [12]. The Coulomb barrier for the dissocia-
tion process was calculated to be 1.2 eV. In contrast, but in accor-
dance with our lifetime measurements, the closely associated
NiðCNÞ2�4 dianion (eight d electrons) was predicted to be both elec-
tronically and geometrically stable.

Earlier work by Kappes and co-workers [14] on PtBr2�
4 and

PtCl2�
4 revealed that these ions are metastable towards halide loss,

and that PtCl2�
4 undergoes tunneling electron loss to form PtCl2�

4

with a half-life of seconds. It is possible that PtðSCNÞ2�4 behaves
similar to these two family members but to establish this would
require lifetime measurements under better vacuum conditions
to prevent ion losses due to collisions with residual gas. On the
other hand, photoelectron spectroscopy on PtðCNÞ2�4 by Wang
and co-workers [16] demonstrated that this ion is electronically
stable by 1.69 eV. This high stability was ascribed to the high elec-
tron-withdrawing capabilities of the cyano ligands.

Next we present the results from photoexcitation of PtðSCNÞ2�4 .
The ion bunch was irradiated perpendicular to the ion beam trajec-
tory with laser light (250 nm) and the photoproducts subsequently
determined. PtðSCNÞ�4 monanions were measured on the detector
at different times due to the width of the ion bunch (20 ls), see
Figure 2. These ions result from electron detachment in collisions
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Figure 1. Time spectra of (a) AMP monoanions and (b) PtðSCNÞ2�4 dianions
measured at the storage ring setup. The yield of neutral products formed on one
straight section of the ring was sampled as a function of time; this yield is
proportional to the number of ions in the ring. Two exponentials were fit to the
count rates (see main text).
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Figure 2. Detection of PtðSCNÞ�4 monoanions formed from PtðSCNÞ2�4 dianions at the
accelerator mass spectrometer. The broad background is due to residual gas
collisions, while the sharp peak is a result of photodetachment after 250-nm
photoexcitation. Time zero is defined as the time when the first ions in the bunch
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detection was set around the photoproducts (laser-induced signal). In the action
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with residual gas in the beam line (pressure of 10�6 mbar) and
from photoexcitation. A strong signal 200-ns broad is evident at
the time relating to when the laser light hit the ions.

To obtain a photodissociation mass spectrum, a time gate
(width of 350 ns) was set around the photoproduct signal. This en-
sures that there is little contribution from residual gas collision-in-
duced dissociation products, and that the noise level is kept low.
Daughter ion mass spectra from when the laser was on and off
are displayed in Figure 3. Photoexcitation at both 215 and
245 nm leads dominantly to electron detachment with minor
peaks corresponding to the fragment ions PtðSCNÞ�3 , PtðCSÞ�3 , and
PtCS�2 seen. These are likely the result of consecutive neutral losses
from vibrationally excited PtðSCNÞ�4 since the widths of the peaks
are similar to that for PtðSCNÞ�4 ; a Coulomb explosion process
would result in broad peaks as ions scatter in the backward and
forward directions [9–11]. Likewise, collisional electron detach-
ment of PtðCNÞ2�4 was followed by losses of CN or (CN)2 [9]. We
note that PtðCNÞ2�4 when vibrationally heated in low-energy colli-
sions Coulomb explodes into PtðCNÞ�3 and CN� [22]. A scan to lower
masses displayed no detectable production of SCN� or CN� after
photoexcitation. The abundance of PtðSCNÞ�4 relative to that of all
photo-ions is to a good approximation the same for the two wave-
lengths (about 70%), which means that the yield of PtðSCNÞ�4 is di-
rectly correlated with the absorption cross section. Finally, it is
apparent from Figure 3c that the contribution from residual gas
collisions is insignificant.

To obtain an action spectrum, we measured the yield of
PtðSCNÞ�4 as a function of laser excitation wavelength from 210 to
300 nm. These yields were corrected for variations in light and
ion beam intensities. The latter correction was done based on the

signal from residual gas collisions since this signal is proportional
to the number of ions in the bunch. Experiments were executed
with different laser beam intensities to check for any saturation ef-
fects. The results are summarized in Figure 4. It is evident that the
data points follow each other, except at the lowest wavelengths
where the statistics are poor, and the data below 230 nm should
therefore be considered with some caution. Taken together, the
spectra indicate that the absorption band maximum is at about
240 nm (5.2 eV).

In methanol solution, PtðSCNÞ2�4 absorbs maximally at 242 nm
(Figure 4). Hence solvation of the bare ions has basically no effect
on the location of the excited state relative to the ground state.
Actually, taking into consideration the high uncertainties in the
gas phase experiment at low wavelengths where the laser power
is low, the overall shapes of the two spectra look almost identical.
Furthermore, at low wavelengths direct electron detachment into
continuum states not involving a resonance state may occur. This
may to some extent account for the, on average, higher-lying
gas-phase data points in this region.

While we did not measure any shift in the absorption of this
symmetric ion upon solvation, Weber and co-workers [15] found
that the absorption band maximum of PtBr2�

4 in water and acetoni-
tril compared to the maximum in the photodetachment cross sec-
tion of PtBr2�

4 in vacuo was redshifted by 0.7 and 0.55 eV,
respectively. These quite large shifts were ascribed to solvent mol-
ecules coming close to the metal center and thereby affecting the
metal d–d band transitions. It is possible that the larger size of
the SCN� ligands prevents such interactions but a firm understand-
ing calls for quantum mechanical calculations. Furthermore, other
work has shown that the metal-to-ligand charge transfer transition
of RuðbipyÞ2þ3 underwent a significant redshift from 430 to 452 nm
upon solvation of the complex in acetonitril [28]. There the expla-
nation was based on a localized transition involving only one of the
bipyridine (bipy) ligands in solution, which resulted in a perma-
nent dipole moment in the excited state in contrast to the symmet-
ric ground state. Finally, we note that in the case of charge-transfer
transitions in p-conjugated anions such as nitrophenolates, solva-
tion by polar molecules causes a significant blueshift due to local-
ization of the negative charge [29,30].
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4. Conclusions

In conclusion, the lifetime of PtðSCNÞ2�4 dianions in a storage
ring was measured to be on the order of half a second, which is
the upper time set by collisions with residual gas in the ring. Irra-
diation of the ions with UV light leads dominantly to electron
detachment resulting in PtðSCNÞ�4 . There are minor peaks in the
daughter ion mass spectrum that correspond to monoanions
formed after dissociation. It was found that the highest yield of
PtðSCNÞ�4 monoanions was obtained at about 240 nm, which is very
close to the maximum absorption of the dianions when they are
solvated by methanol (242 nm). This indicates that the electronic
structures of the dianions in their ground- and excited-states are
not perturbed by a solvent or that the states are shifted by the
same amount.
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Heme proteins are readily identifiable from their characteristic UV/
vis spectra (δ, Soret, Q0, and Q1 bands).1–6 Spectral features depend
on the iron oxidation state, peripheral substituents, axial ligands,
coordination state, spin state, and nearby amino acid residues.
Absorption spectroscopy is essential for comprehending the confor-
mational changes that occur upon ligation or reduction/oxidation of
the heme iron, and transient absorption is used extensively to monitor
the dynamics of geminate recombination or larger protein conforma-
tional changes after, for example, photolysis of an iron-ligand bond.6,7

Often heme or other biochromophores are located in hydrophobic
protein pockets or crevices with minimum access to water. These
pockets are in certain cases well simulated by a vacuum.8 It requires
gas-phase experiments to remove the influence of a nearby environ-
ment, determined by the protein folding state, from the inherent
properties of the heme.

Here we report the absorption spectra in the Soret band region
of isolated four-coordinate (4c) Fe(III)-heme+ and five-coordinate
(5c) Fe(III)-heme+(His) ions in vacuo from action spectroscopy.
Fe(III)-heme+ refers to iron(III) coordinated by the dianion of
protoporphyrin IX. We find that the absorption of the 5c complex
is similar to that of 5c metmyoglobin variants with hydrophobic
binding pockets except for an overall blueshift of about 16 nm. In
the case of 4c iron(III), the Soret band is similar to that of 5c
iron(III) but much narrower. To our knowledge this is the first
unequivocal spectroscopic characterization of 4c ferric heme.

Spectroscopy studies on gaseous heme+ ions are sparse and
include the absorption spectrum in the Q-band region of Fe(III)-
heme+(DMSO)9 and a recent vibrational characterization of Fe(III)-
heme+(NO) and Fe(III)-heme+(imidazole).10

In the present work, Fe(III)-heme+ ions were formed by electrospray
of hemin chloride in methanol and CH2Cl2 (1:1), and to produce the
histidine-coordinated complex, histidine was added to the solution. Ions
were thermalized in a 22-pole ion trap with helium buffer gas at room
temperature, accelerated as an ion bunch to 22-keV kinetic energies,
mass-to-charge (m/z) selected by a magnet, and injected into the
electrostatic ion storage ring in Aarhus, ELISA (Figure 1).8,11 In one
experiment, the magnet was set to allow only heme+ ions of m/z 616
to enter the ring and in a second experiment, only heme+(His) ions of
m/z 771. This mass selection assured that we had the appropriate ions
in the ring. After storage in the ring for 35 ms, the ions were irradiated
with light from a pulsed tunable EKSPLA laser at one side of the
ring. The width of the laser pulse was about 3.2 ns, and wavelengths
were scanned from 330 to 419 nm. Absorption of light leads to
vibrationally hot ions, and in separate experiments it was observed
that these ions decay primarily by loss of CH2COOH from heme+

and by loss of His from heme+(His).12 For absorption spectroscopy,
neutrals formed in the side opposite to the photoexcitation region were
measured in a microchannel plate detector. Delayed dissociation

occurred on a microsecond to millisecond time scale (Figure 2), as
has been discussed earlier in the case of protoporhyrin ions.13 A signal
proportional to the absorption cross section was obtained as the yield
of neutrals divided by the number of photons in the pulse and
normalized to the neutrals yield from residual gas collisions (action
spectroscopy). The spectra were the same whether only the first laser
peak or the first 10 (see Figure 2) were used, which indicates that the
change of dissociation lifetimes with excitation wavelength can be
neglected.

In Figure 3 we present the absorption spectra in the Soret band
region of Fe(III)-heme+ and Fe(III)-heme+(His). The isolated five-
coordinate complex displays a broad absorption band with a maximum
at 379 nm, and a pronounced shoulder on the high energy side, which

Figure 1. The electrostatic ion storage ring in Aarhus, ELISA, in
combination with a laser system. The photofragment yield was obtained as
a function of wavelength from the signal of neutrals hitting the detector.

Figure 2. Decay spectrum of Fe(III)-heme+. The high number of neutrals
detected immediately after injection is due to metastable ions that have
been excited during extraction from the ion trap. After a few milliseconds
the signal is dominated by collisional decay in the ring. The pressure was
of the order of 10-11 mbar. After 35 ms the ions were photoexcited with
390-nm light, which resulted in a large number of neutrals from delayed
dissociation. The revolution time of the ions in the ring was 100 µs. The
photo yield was obtained from summation over the first 10 laser peaks,
indicated by the white double-headed arrow.
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is likely due to ligand-to-metal charge transfer (LMCT) transitions.
The sharp peak at ca. 358 nm is either due to resonant excitation of
the ν4 porphyrin breathing mode2 or to a different laser beam profile
at this wavelength, which has a better overlap with the ion beam.
Ignoring this band, the spectrum is similar in shape to that of 5c high-
spin Fe(III)-heme in metmyoglobin variants in which the distal histidine
is replaced by a nonpolar residue thereby preventing water taking up
the available sixth coordinate site.14 Such protein variants have
maximum absorption at about 395 nm, a redshift of 16 nm compared
to the isolated complex. According to protein X-ray crystallography,
the iron is displaced out of the plane of the porphyrin macrocycle by
0.28 Å to maximize chemical bonding with the histidine.14a It should
be noted that the propionic acid side chains are ionized in the protein
in contrast to the gas-phase species. The spectrum is also similar to
that of the adduct between 1,2-dimethyl-imidazole and ferric heme
embedded in SDS (sodium dodecyl sulfate) micelles where the
maximum is at 400 nm.15 The environment within the micelle mimics
the hydrophobic cavity of heme proteins.

The bare Fe(III)-heme+ absorbs maximally at about 381 nm (Fig-
ure 3) like Fe(III)-heme+(His). However, the shoulder toward low
wavelengths is absent, and the spectrum appears to be narrower with
a full width at half-maximum of 20 nm. This overall change in band
shape is linked to the new electronic structure of the heme when the
iron occupies the central hole of the porphyrin ring (planar heme).
Density functional theory calculations have revealed that the ground-
state is a quartet state.16 For comparison, six-coordinate Fe(III)-heme
is either low-spin or high-spin, depending on the axial ligands.17 Again
an indication of a sharp peak at 360 nm is observed. In recent work,
Fang et al.18 synthesized a highly sterically hindered bis-pocket siloxyl
Fe(III) porphyrin that is four-coordinate with maximum absorption at
400 nm, red-shifted by 20 nm relative to the gas-phase heme species.

Previous spectroscopic characterization of 4c ferric heme by
conventional methods was hampered by the strong affinity of Fe(III)
for water and anions. Four-coordinate Fe(III)-heme in Aplysia
myoglobin at low pH (<5) was inferred by Giacometti et al.19 but
later abandoned based on resonance Raman experiments.20 A
change in absorption at low pH may be ascribed to both a change
in the heme coordination state and its environment due to
conformational changes and denaturation. Such problems in the
interpretation of absorption spectra are not encountered in gas-phase
experiments where ions of interest are selected according to their
mass-to-charge ratio by mass spectrometry, and the environment
around the heme can be gradually built up in a controlled manner.

Spectroscopic studies on methemalbumin by Kamal and Behere21

suggest that the heme in this case is devoid of a well-defined heme
cavity and that it does not bind to histidine but to a surface residue.
The Soret maximum is at 404 nm, and the band is associated with
a shoulder to lower wavelengths. A comparison with our absorption
spectra indeed supports the assignment of 5c Fe(III)-heme.

In conclusion, our work provides a prediction of the change in
absorption of a 5c ferric heme protein upon histidine deligation,
namely a sharpening of the band but with a minimal change in the
wavelength of maximum absorption. Acid-induced rupture of the
iron-histidine bond due to histidine protonation22 or local heating
after multiple photon absorption are possible paths for lowering
the coordination state. The spectra also serve as a benchmark for
quantum chemistry calculations of excited states.
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Figure 3. Absorption spectra of four-coordinate Fe(III)-heme+ (A) and
five-coordinate Fe(III)-heme+(His) (B) in vacuo.
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Photodissociation of isolated Fe(III)-heme+ and Fe(III)-heme+(His) ions in the gas phase has been investigated
using an electrostatic storage ring. The experiment provides three pieces of information, namely fragmentation
channels, dissociation times, and absorption spectra. After photoexcitation with either 390 or 532 nm light,
we find that the fragmentation takes place on a microsecond to millisecond time scale, and the channels are
CH2COOH loss (�-cleavage reaction) and histidine loss from Fe(III)-heme+ and Fe(III)-heme+(His),
respectively. These channels were also observed by means of collision-induced dissociation. Significant
information on the nonradiative processes that occur after photoexcitation was revealed from the decay spectra.
At early times (first two to three milliseconds), the decay of the photoexcited ions is well-described by a
statistical model based on an Arrhenius-type expression for the rate constant. The activation energy and
preexponential factor are 1.9 ( 0.2 eV and 1 × 1017 to 1 × 1021 s-1 for heme+ and 1.4 ( 0.2 eV and 1 ×
1016 to 1 × 1019 s-1 for heme+(His). Decay on a longer time scale was also observed and is ascribed to the
population of lower-lying states with higher spin multiplicity because intersystem crossing back to the electronic
ground-state is a bottleneck for the dissociation. The measurements give lifetimes for these lower-lying states
of about 10 ms after 390 nm excitation and we estimate the probability of spin flip to be 0.3 and 0.8 for
heme+ and heme+(His), respectively.

Introduction

Metalloporphyrins are ubiquitous in nature and are responsible
for key biological processes such as photosynthesis, oxygen
transport and storage, and sensing.1-3 They have strong absorp-
tion bands in the 380-450 nm (Soret band) and 500-600 nm
(Q-band) regions due to π-π* transitions in the porphyrin ring.
The electronic structure is strongly determined by the presence
of a metal and its oxidation and spin state, axial ligands,
peripheral substituents, and nearby amino acid residues. One
class of metalloporphyrins is heme complexes in which iron is
situated in the center of a porphyrin ring. These are found in a
number of proteins, the most well-known being myoglobin and
hemoglobin.

To elucidate the influence of a protein environment, e.g.,
nearby amino acid side chains, or water on the photophysics of
porphyrins and metalloporphyrins, it is important to study
isolated species in the gas phase. In addition, such results are
necessary to benchmark excited states calculations, typically
carried out on small model systems. Neutrals that are easy to
evaporate have been studied extensively by spectroscopic
methods2,4 but there is limited experimental work on ions.5-7

The latter is somewhat difficult because of a low number of
absorbing species and the requirement of special instrumentation.

For gas-phase spectroscopy experiments on ions, we have
developed a technique that combines an electrostatic storage
ring with an electrospray ion (ESI) source and a tunable pulsed
laser system. Daughter ion mass spectroscopy has been made
possible by the implementation of pulsed power supplies with
microsecond response times for all of the ring elements.8 The
ion current is typically 0.1 pA and with a repetition rate of 10

Hz of the experiment, the number of ions per injection is 1 ×
105 when all ions are accumulated in a pretrap. This number is
too low to cause a measurable change in the number of photons
in the laser pulse, and instead we rely on the detection of ionic
fragmentation (i.e., action spectroscopy). The setup allows us
to obtain three important pieces of information: ion lifetimes,
dissociation channels, and absorption spectra. The advantage
of using ESI is that the environment around the chromophore,
e.g., heme, can gradually be built up by fine-tuning the source
conditions or changing the solution used for electrospraying.

In a recent communication, we reported the absorption spectra
of isolated Fe(III)-heme+ and Fe(III)-heme+(His) ions (Figure
1) that provide spectroscopic marker bands in the Soret band
region for four-coordinate and five-coordinate heme ions.9 Here,
we follow up on this work but now with emphasis on the
dissociation kinetics and fragmentation channels that were only
briefly discussed in the previous work. High-energy collision-
induced dissociation (CID) experiments were performed at an
accelerator mass spectrometer for comparison with the photo-
dissociation mass spectra. Finally, quantum chemical modeling
was done to aid in the interpretation of the experimental results.

Experimental Section

CID Experiments. Hemin (Fe(III)-protoporphyrin chloride)
was dissolved in CH2Cl2/methanol (1:1) to produce heme cations
by electrospray ionization.5 To produce heme+(His) ions, we
added histidine to the spray solution. Following ionization, the
ions were accelerated to 50 keV kinetic energies, and ions with
the m/z of interest were selected by a magnet. After collisions
with He, the product ions were measured by an electrostatic
analyzer that scanned the kinetic energy of the fragment ions.
This resulted in mass-analyzed ion kinetic energy (MIKE)* Corresponding author. E-mail: sbn@phys.au.dk.
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spectra from which the fragment ion masses were identified.
More details on the instrumental setup can be found in ref 10.

Storage Ring Experiments. Ions produced by electrospray
ionization were accumulated in a 22-pole ion trap in which they
were thermally equilibrated with room temperature He gas for
0.1 s. The ion bunch was accelerated to 22 keV, and ions of
interest were mass selected before entering ELISA (Figure 2).8,11

In the ring, the ions have revolution times of ∼100 µs,
depending on their mass. After 35 ms of storage time, the bunch
was irradiated with light from a pulsed, tunable EKSPLA laser.
The laser output is synchronized with the ion trap (10 Hz), and
in these experiments we used wavelengths in the 330-532-nm
range. Photon absorption led to dissociation into fragment ions
and neutral molecules. Neutrals produced on the injection side
of the ring were detected with a multichannel plate (MCP)
detector. To reach this detector, the ions must survive about
half a revolution in the ring (∼50 µs) because ELISA in normal
operating mode does not allow fragment ions with lower kinetic
energies than that of the parent ion to be stored.

A mass spectrum of the fragment ions was obtained from a
quick switch of all ring voltages (within a few microseconds)
directly after photoexcitation of the parent ions to store daughter
ions with the proper kinetic energy. Daughter ions took about
40 revolutions in the ring before they were dumped on the MCP
detector by a fast grounding of the 10° deflector in front of the
detector. In other experiments, photoexcited ions were allowed
to circulate for ∼100 µs before their fragmentation was
monitored. To improve the resolution of the daughter ion mass
spectra, a beam scraper on the injection side of the ring was
put in to cut off some high energy beam trajectories (see Figure
2).

Computational Details. Calculations were carried out with
the GAUSSIAN 03 program package.12 The geometries of
heme+, heme+(His), and smaller fragments were optimized at
the B3LYP/6-31G(d) level of theory. Vibrational frequencies
were calculated to verify that the stationary points are local

minima and not transition states, and frequencies were also used
in the calculation of heat capacities for decay modeling. Reaction
energies were all corrected for zero-point vibrational energies.

Results and Discussion

First, we consider the results from quantum chemical model-
ing on heme+ and heme+(His). The electronic ground-state of
heme+ was found to be a quartet state in accordance with earlier
reports.13,14 In the case of heme+(His), the quartet electronic
state is also lower in energy than doublet and sextet states.

A closer look at the optimized structures reveals that the iron
atom in heme+ is located in the plane as opposed to the
heme+(His) structure where the iron is displaced a few tenths
of an Ångström out of the porphyrin plane to maximize chemical
bonding with the histidine. Three different calculated structures
of heme+ have been discussed in the literature, and they differ
in the number of hydrogen bonds between the two propionic
groups, 0, 1, and 2, denoted as structures 1, 2, and 3 in Figure
1. We have found that 2 is lower in energy than 1 by 0.3 eV at
the B3LYP/6-31G(d) level of theory which is consistent with
B3LYP/6-31++G(d,p) calculations by Siu et al.14 They also
found that 3 is lower in energy than 2 by 0.03 eV, but this
structure is likely to be entropically disfavored.

The high-energy CID-MIKE spectra of heme+ and
heme+(His) after collisions with He are shown in Figure 3. The
dominant dissociation channel of heme+ is �-cleavage, which
results in loss of one or two CH2COOH (CMe) groups, each of
mass 59. This is in accordance with previous experimental5,15

and theoretical reports13 in the literature where �-cleavage is
shown to be the lowest energy channel for fragmentation. The
other peaks are assigned to loss of one or more side chains of
CH3 (15), CHCH2 (27), COOH (45), CH2COOH (59) and
CH2CH2COOH (73) (mass). It is evident from the heme+(His)
CID-MIKE spectrum that the dominant dissociation channel is
loss of the His ligand of mass 155, which is expected because

Figure 1. Three structures of Fe(III)-heme+ that differ in the number of hydrogen bonds between the two propionic acid groups (1-3). The iron
atom in Fe(III)-heme+(His) is moved slightly out of the heme plane (black bar) (4).

Figure 2. Electrostatic ion storage ring in Aarhus (ELISA) in combination with an ESI source and a laser. The circumference of the ring is 8.3 m.
See text for details.
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histidine is bound noncovalently to the iron atom. Earlier
multiphoton IR photodissociation experiments on
heme+(imidazole) also revealed that imidazole is lost most
readily.7 Significant losses of one or two CMe groups are also
seen in the MIKE spectrum. These CID spectra are to be
compared with the photodissociation mass spectra taken at
ELISA.

Daughter ion mass spectra recorded right after 532-nm
photoexcitation of heme+ ions and after a delay of 100 µs are
shown in Figure 4. Similar spectra were obtained after 390 nm
light absorption (spectra not shown). The resolution is poor
(∆m/m ≈ 100) but high enough for identifying the fragment
ions from a comparison with the CID spectrum. In the 532 nm
spectrum associated with rapid dissociation, 0-20 µs, (cf.,
Figure 4A), there are two prominent peaks that are due to loss
of one or both CMe groups. Two minor peaks are assigned to
ions that have lost either H2O or CH2CH2COOH. Delayed
dissociation (Figure 4B) also resulted in loss of CMe, H2O, and
CH2CH2COOH, whereas a peak due to loss of two CMe groups
is absent.

We ascribe the loss of two CMe groups to two-photon
absorption because no or few such highly excited ions are

expected to survive the 100 µs delay. This interpretation is in
accordance with calculations because one 532 nm photon (2.33
eV) does not possess enough energy to cause two successive
�-cleavages. Prior to photon absorption, the ions have an average
internal energy of 1.04 eV based on B3LYP/6-31G(d)-
calculations of vibrational frequencies and assuming a temper-
ature of 300 K in the ion trap. Hence, after 532 nm photon
absorption, the internal energy of the ions is predicted to be
3.37 eV. This is enough for one �-cleavage, calculated to require
2.49 eV (for structure 2), but not enough for two. Charkin et
al.13 calculated the energies for loss of one and two CMe groups
from structure 1 to be 1.80 and 2.41 eV, respectively, and thus
the total energy needed to break both bonds must be at least
4.21 eV, which is more than the calculated internal energy of
3.37 eV. At the B3LYP/6-31G(d) level of theory we find the
required energy to be 2.20 eV for loss of one CMe from 1, 0.4
eV more than Charkin et al.

The peak close to the parent ion may be due to either loss of
CH3 or H2O. However, we calculated that it requires 4.7 eV to
lose CH3, which is in fair agreement with calculations by
Charkin et al.,13b and therefore this channel is not open upon
one-photon absorption. Instead, we find that H2O loss from
propionic acid only requires 1.8 eV, significantly less than the
internal energy of 3.37 eV, not considering the barrier to the
reaction.

As in the case for heme+, we found similar fragmentation
patterns for heme+(His) after both 390 and 532 nm excitation.
The only peak observed was due to loss of histidine (Figure 5).
We have calculated the dissociation energy for this process to
be 1.18 eV. The average energy prior to excitation is 1.36 eV
while after 532 nm light absorption, it is 3.69 eV. Dissociation
results in ions with too little excess energy to dissociate further
on the time scale of the experiment.

Next, we present the results from lifetime experiments in
which the yield of neutrals was measured as a function of time
after injection of the ions into the ring. Decay spectra are shown
for heme+ and heme+(His) in Figure 6. The high yield of
neutrals seen immediately after injection is due to metastable
ions that were excited during extraction from the ion trap
because of collisions with He buffer gas. However, after some
milliseconds the decays were dominated by collisions with
residual gas in the ring. After 35 ms, the ions were irradiated
by 390 nm light, which resulted in an increased yield of neutrals.

Figure 3. MIKE spectra obtained from collisions between (A) helium
and heme+ (m/z 616) and (B) helium and heme+(His) (m/z 771).

Figure 4. Fragmentation spectra for heme+ acquired (A) at ELISA
immediately after photoexcitation with 532 nm light and (B) after
storage of the photoexcited ions for one revolution (100 µs).

Figure 5. Fragmentation spectra for heme+(His) acquired at ELISA
(A) immediately after photoexcitation with 532 nm light and (B) after
storage of the photoexcited ions for one revolution (112 µs).
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To describe the observed decays after laser excitation, we
use a previously applied model in which the rate constant k is
represented by an Arrhenius-like expression16-18

k(T))Aexp[ -Ea

kB(T-Ea/2C)] (1)

where T is the microcanonical temperature, C the microcanonical
heat capacity, kB the Boltzmann constant, A the preexponential
factor, Ea the activation energy, and Ea/2C is the so-called finite
heat-bath correction to the temperature. The average internal
energy of the ions before laser excitation was evaluated from
an independent harmonic oscillator model with vibrational
frequencies obtained from Gaussian calculations. The micro-
canonical heat capacity C is obtained as the derivative of the
microcanonical energy with respect to temperature. The tem-
perature distribution of the ions, g(T), is established in the ion
trap and is of the Maxwell-Boltzmann type but is for simplicity
approximated by a Gaussian. A final expression for the decay
rate of ions in ELISA is then given by

I(t))∫ k(T)g(T)exp[-k(T)t] dT (2)

The decay of heme+ ions after 390 nm light absorption (Figure
7A) is well-described by eq 2 for the earlier part of the decay,
but an additional exponential is required to account for decay
at longer times. This analysis gives dissociation lifetimes of 0.49
( 0.10 ms and 15 ( 5 ms. The first time constant is associated
with a preexponential factor A of 1 × 1017 to 1 × 1021 s-1 and
an Arrhenius activation energy Ea of 1.9 ( 0.2 eV for the
�-cleavage reaction. For a simple dissociation reaction, a
minimum for the preexponential factor is the transition state
constant kBT/h,19 where h is Planck’s constant. The calculated
temperature of heme+ after 390 nm excitation is 648 K and
kBT/h is therefore 1.4 × 1013 s-1. This number is lower than A,
which indicates that an increase in entropy is also a driving
force for the dissociation reaction.

For heme+(His) (Figure 7B), we have used the same approach
and find a preexponential factor of 1 × 1016 to 1 × 1019 s-1

and an activation energy of 1.4 ( 0.2 eV for histidine loss,
close to the calculated dissociation energy of 1.2 eV. The fit
provides two lifetimes of 0.20 ( 0.07 ms and 9 ( 4 ms.

The short lifetime components of sub-milliseconds are the
result of internal conversion from the excited state to the

electronic ground state with subsequent dissociation of vibra-
tionally excited ions. Here the dissociation itself is the rate-
limiting step. The fact that we need an additional exponential
with a long lifetime of milliseconds to describe both decays
properly is ascribed to a bottleneck for dissociation. Instead of
internal conversion directly to the ground state, the ions may
undergo intersystem crossing to a lower-lying electronic state
with a higher spin. Another spin flip is required to reach the
electronic ground state, which is considered to be the rate-
limiting step. Thus the ions will eventually relax to the ground-
state but with a much smaller rate constant than that for the
subsequent dissociation reaction. The second part of the decay
is not fully described by an exponential, which is due to the
spread in internal energy. It appears here that quite a large
fraction of the ions has undergone intersystem crossing, and
similar findings were earlier reported for porphyrin ions.18 We
estimate the probability of spin flip after 390 nm excitation from
the branching ratio between the two decay channels and found
it to be 0.3 ( 0.1 and 0.8 ( 0.1 for heme+ and heme+(His),
respectively. The difference is likely due to the withdrawal of
the iron atom out of the ring by the histidine ligand thereby
affecting the electronic structure of the porphyrin ring. We stress
that these values are upper limits for the spin flip probabilities
because luminescence has been neglected in the analysis.

To fit the experimental data, our initial guesses for the
activation energies were the calculated bond energies of 2.49
eV (for structure 2) and 1.18 eV (structure 4). These values
should in principle give lower limits for the activation energy.
However, an acceptable fit to the various heme+ data based on
an Ea of 2.49 eV could not be made. A lower value of 1.9 eV
was required to account for the tailing at longer times, which
suggests that the ions dissociate from structure 1.

The time scale for histidine deligation is a lower limit when
the Fe(III)-heme+ is located in a protein cavity since heat
diffusion to the surroundings will occur. The time constant for
vibrational cooling is ∼4 ps in the case of horse heart
cytochrome c as reported by Negrerie et al.20 on the basis of
time-resolved spectroscopy measurements. Indeed, the same
authors also report that photodissociation of axial ligands does
not occur from ferric heme in this protein in full agreement
with the hundred microsecond time scale for dissociation

Figure 6. Decay spectra of (A) heme+ and (B) heme+(His). A laser
pulse (390 nm photons) was fired after 35 ms.

Figure 7. Decay spectra obtained after irradiation of (A) heme+ and
(B) heme+(His) with 390 nm light. The spacing of the points is 100
and 112 µs, respectively, which is the revolution time in the ring. The
given numbers are the lifetimes.
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reported here. The ground-state population was recovered within
20 ps, which was explained by immediate return of photoexcited
heme into the hot ground state with subsequent vibrational
cooling.20 In other work, electronic relaxations involving excited
states of various origins have been inferred.21-23 If decay on
the millisecond time scale in our experiment is correctly
interpreted to be due to trapping in a particular long-lived excited
state, it implies that a protein microenvironment provides a
doorway to the deexcitation pathway or that it quickly quenches
excited states. This issue is to be explored in the future by
gradually building the natural heme environment.

Conclusions

In summary, we have used an electrostatic storage ring in
combination with a laser to obtain information on the fragmen-
tation channels and dissociation lifetimes of photoexcited Fe(III)-
heme+ and Fe(III)-heme+(His) cations. For both ions, disso-
ciation takes place on a microsecond to millisecond time scale,
and the main channels are ascribed to loss of CH2COOH and
histidine, respectively. To account for the total decay of ions,
both statistical decay and decay delayed by the population of
states with different electronic spin has to be included. The time
resolution of storage ring experiments is well-suited to disen-
tangling the importance of such competing processes.
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DNA single strands of adenine, isolated as anions in vacuo and free of solvent were 

photodissociated in a storage ring, and absorption as a function of excitation wavelength was 

recorded. Action spectra are similar for all strands and closely resemble that of the monomer. 

However, for strands with 3 and 4 bases a small blueshift in the band maximum of about 3 nm is 

seen compared to the monomer spectrum which is a sign of exciton coupling between two stacked 

bases. At high photon energies, internal conversion competes with electron detachment even for 

dianions as revealed from the time spectra.  
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The damaging effects of solar UV light are reduced by the extraordinary photostability of DNA. 

This photoprotection is linked to the excited state physics of the bases. For nucleosides and 

nucleotides that contain a single base, internal conversion (IC) via conical intersections is ultrafast 

and within a few picoseconds the excess vibrational energy is dissipated to the solvent [1, 2]. The 

lifetime with respect to dissociation of isolated nucleotides in vacuo is long, on the order of 

microseconds [3], and hence vibrational cooling in solution is rapid enough to prevent dissociation. 

The photostability of individual DNA bases is considered a key factor for the evolution of life in the 

prebiotic era when the ozone layer had not yet developed. The situation is, however, much more 

complicated and less understood in complex DNA where several bases (multiple chromophores) 

interact through stacking and base pairing. New quantum states arise as linear combinations of 

single base wavefunctions which are denoted Frenkel excitons and represent coherent excitation of 

two or more bases. The spatial extent of the exciton and the quantum state dynamics is hotly 

debated [4-12]. This issue is not only relevant for photoprotection but also for the ability of DNA 

strands to conduct current since the strength of π-stacks and the presence of delocalized domains 

determine the efficiency of electron hopping over long distances [13]. 

The population of exciton states was for many years considered insignificant since the 

absorption spectra of DNA strands resemble those of single bases with no splitting of the band 

located at around 260 nm as was predicted by theory for exciton states [14]. Recent nontrivial 

calculations by Markovitsi and co-workers [7, 15] on model strands indicated, however, that the 

change in absorption induced by excitation to exciton states is to the blue since upper eigenstates 

carry high oscillator strengths but that the shift is small. Furthermore, individual strands in aqueous 

solution experience different microenvironments and therefore have different absorption spectra, 

which cause an inhomogeneous broadening that makes it even harder to use absorption 

spectroscopy to identify exciton states. To eliminate this complication, we investigated the 



XV

 3 

absorption by DNA strands isolated in vacuo free of solvent. The work presented here confirms that 

electronic communication between adenine bases causes only a small blueshift in the absorption.  

 The DNA strands chosen for study contained two, three and four adenine bases, 

denoted dA2, dA3, and dA4, and are either singly or doubly negatively charged. The charge is 

carried by the phosphate groups. We also included the RNA mononucleotide, AMP (adenosine 5’-

monophosphate), in our study for comparison. Gas-phase spectroscopy experiments were carried 

out in the electrostatic ion storage ring in Aarhus (ELISA, Fig. 1) [16, 17]. AMP was purchased 

from Sigma-Aldrich and dA2, dA3, and dA4 from DNA Technology, Aarhus. Electrospray 

ionization of nucleotides in methanol solutions was used to produce the ions that were subsequently 

accumulated in a 22-pole ion trap and thermally equilibrated by collisions with a helium buffer gas 

therein. The ions were accelerated as an ion bunch to kinetic energies of 22 keV × charge state, and 

a bending magnet was used to select the appropriate ions according to their mass-to-charge (m/z) 

ratio. Following injection into the ring, the ions were stored for about 35 ms to allow for the decay 

of metastable ions before being irradiated by a nanosecond light pulse from a tunable EKSPLA 

laser. This is an Nd:YAG laser where the third harmonic (355 nm) pumps an optical parametric 

oscillator (OPO). The visible output from this OPO is frequency doubled in a crystal providing UV 

light. The repetition rate of the experiment was 10 Hz. Dissociation was as a result of either one-

photon or two-photon absorption (vide infra). Lifetimes were obtained from measurements of the 

yield of neutrals hitting the microchannel plate (MCP) detector located at the end of the straight 

section opposite to the side where the photoexcitation was performed, that is, delayed dissociation 

was sampled. Ion revolution times were 75 µs, 96 µs, 119 µs, 139 µs, and 98 µs for AMP- (m/z 

345), dA2
- (m/z 563), dA3

- (876), dA4
- (m/z 1189), and dA4

2- (m/z 594), respectively. The pressure in 

the ring was about 10-10 mbar, which set an upper limit of several seconds on the storage time.  
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Since the experiments were done at room temperature, multiple conformers are present in the ion 

beam, and the absorption by all of these was sampled. Based on ion-mobility experiments and 

molecular modeling calculations, Bowers and co-workers [18] showed that the dA2
 dinucleotide 

monoanions rapidly interconvert between conformers belonging to two distinct families of 

conformations at room temperature, an “open” family in which the two bases are separated from 

each other and one in which the two bases are stacked. It was found that stacking interactions 

between adenine bases are more common than H-bonding and that the structure opens up with 

temperature. No structural data exist for the larger strands, but stacking interactions should become 

more and more important with increasing strand length. Exciton coupling is therefore expected to 

be strongest for dA4. For dA3 and dA4, the negative charge carrier can be on different phosphate 

groups which results in different isomers.  

 The lifetime of photoexcited AMP- is short; e.g. 16 µs after 266-nm excitation [3] and 

decreasing with shorter wavelengths. Time spectra of dAn
- (n = 2, 3, 4), and dA4

2- after 250-nm and 

210-nm photoexcitation are shown in Figures 2 and 3. These provide information on the number of 

photons absorbed according to a similar analysis done earlier for protonated adenine strands [19]. 

The lifetime is shortest at the lowest wavelength for dA2
- and dA4

- as expected since more energy is 

deposited in the ions after photon absorption; in the case of dA3
- and dA4

2- it is difficult to make a 

clear conclusion due to poor data quality. It is also evident that at 250 nm the lifetime is longer for 

dA2
- than for AMP-, which is simply due to more degrees of freedom in the dinucleotide than in the 

mononucleotide. For AMP- the dissociation is a result of one-photon absorption [3]; hence the 

longer lifetime of dA2
- indicates that its dissociation is also due to one-photon absorption. On the 

other hand, the lifetime is shorter for dA3
- than for dA2

-, which is ascribed to the absorption of two 

photons. The lifetime is longer for dA4
- than for dA3

- and roughly the same as that for dA2
-, and the 

dissociation of dA4
- is taken to be due to the absorption of two photons. In summary, we ascribe the 
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decay of dA2
- to one-photon absorption and of dA3

-, dA4
-, and dA4

2- to two-photon absorption over 

the whole wavelength region.    

 In the case of AMP- the count rates of photo-induced neutrals in the MCP detector 

measured half a turn after photoexcitation was divided by the background signal from residual gas 

collisions (proportional to the ion beam intensity) and the number of photons in the laser pulse at 

each excitation wavelength to provide action spectra (Fig. 4). The dissociation lifetime depends on 

the excitation wavelength but the dissociation times are too short to make meaningful corrections 

for this. Instead we explored the role of the actual time of irradiation; this was done by firing the 

laser pulse at two different times (see Fig. 1). From Fig. 4, it is clearly evident that the spectra 

depend on the delay between photoexcitation and the measurement of neutrals. If the delay is long, 

there is a discrimination against short wavelengths since a significant number of the photoexcited 

ions decay too quickly to make it to the other side of the ring. Hence for AMP- it is difficult to 

establish any quantitative measure of the absorption band maximum and the band width. We will in 

the following instead compare with a previously published spectrum of 2’-deoxyadenosine-5’-

monophosphate, dAMP-, measured at a time-of-flight instrument by Weber and co-workers [20]. 

The lifetimes of photoexcited adenine strands were, on the other hand, long enough to 

allow for exponential fits to the data to obtain time constants. This allows us to obtain a value for 

the initial number of photoexcited ions at each excitation wavelength corrected for lifetime 

variations. The analysis is detailed in [21]. 

The action spectra of dA2
-, dA3

-, and dA4
- are shown in Fig. 5; all ions have maximum 

absorption around 250-253 nm and similar band widths (25 – 28 nm). Importantly, the spectra are 

very similar to that of dAMP- [20] where the absorption band maximum is at 253 nm. However, it 

is evident that for dA3
- and dA4

- the absorption bands are slightly shifted to the blue; in the latter 
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case maximum absorption is at 250 nm. The reason for the dip in the centre of the dA3
- spectrum is 

unclear. We note that the spectra are the result of absorption by both unstacked and stacked bases. 

Calculations by Miyata and Yomosa [14] predicted base-base interactions to give tens 

of eV shifts in the absorption while recent calculations by Bouvier et al. [15] on (dA)20:(dT)20 

duplexes indicated absorption blueshifts of less than 3 nm in the spectral region with respect to the 

absorption of the sum of the monomers. These calculations were for isolated systems and can 

therefore be directly compared to our experimental results where a blueshift of about 3 nm is 

observed due to base-base interactions, which supports the theoretical calculations by Bouvier et al.  

The electronic properties of DNA depend on the presence of a water environment: 

The absorption spectrum of neutral adenine molecules in the gas phase is displaced toward the blue 

by about 10 nm compared to that of solvated adenine [22], a shift similar to that observed for the 

dAMP- and oligonucleotide anions. The difference in the absorption observed for bare ions and 

solvated ones is therefore mainly ascribed to interactions between the bases and water molecules 

and less to shielding of the negative charge by water solvation.    

All dAn
- ions also display an absorption band with a maximum below or close to 210 

nm in accordance with solution phase spectra [9]. The actual band position and band width cannot 

be established in the gas phase experiment since the lower limit of our laser system is 210 nm. The 

adiabatic electron detachment energies are 5.55 eV, 5.72 eV, and 5.62 eV for dAMP, dA2
-, and dA3

- 

[23] which correspond to wavelengths of 224 nm, 217 nm, and 221 nm. Hence direct 

photodetachment is a possible process below the respective wavelengths, and the actual absorption 

is underestimated in our experiment. However, since delayed dissociation is measured for these ions 

after several microseconds, internal conversion to the electronic ground state can compete with 

coupling to continuum states.  
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 The spectrum of the dA4
2- dianion was also recorded (Fig. 6). It displays absorption to 

the blue of the monoanions with a maximum at about 245 nm, which seems to indicate stronger 

stacking interactions for the dianions. As discussed above the negative charge itself does not 

influence the absorption much. The actual spectral shape should, however, be taken with some 

caution: The dominant channel for multiply charged DNA strands is electron photodetachment [24-

26], likely as autodetachment from excited states [26]. Also multiply charged DNA anions are often 

metastable with respect to electron loss [27, 28]. The detachment energy is smaller for the dianions 

than that for the monoanions, and hence the action spectrum based on measuring photo-neutrals 

may not represent the actual absorption spectrum. Also dianions may dissociate into two 

monoanions in a Coulomb explosion, and this process may be wavelength dependent.  Still our data 

clearly show that internal conversion can again compete with electron detachment but it is uncertain 

how the relative importance of the two depends on excitation wavelength. 

To summarize, while the absorption spectra of DNA nucleotides have earlier been 

published by Weber and co-workers, this is the first report of spectra of multi-base DNA anions. 

We find that base-stacking interactions cause a blueshift in the absorption but that this is small, in 

accordance with high level quantum chemical calculations. Our spectra serve as a benchmark for 

future theoretical modeling of complex multichromophore systems but also provide a basic 

understanding of the electronic coupling between bases free of solvent which is important in 

nanotechnology for the generation of nanowires based on DNA strands.   

  We gratefully acknowledge support from Lundbeckfonden and The Danish Council 

for Independent Research | Natural Sciences (#10-082088) and thank Prof. J.-M. Weber for making 

the dAMP spectral data available to us. 

 



XV

 8 

 

 

* sbn@phys.au.dk 

 

[1] C. E. Crespo-Hernández, B. Cohen, P. M. Hare, and B. Kohler, Chem. Rev. 104, 1977 (2004). 

[2] C. T. Middleton, K. de La Harpe, C. Su, Y. K. Law, C. E. Crespo-Hernández, and B. Kohler, 

Annu. Rev. Phys. Chem. 60, 217 (2009). 

[3] S. Brøndsted Nielsen, J. U. Andersen, J. S. Forster, P. Hvelplund, B. Liu, U. V. Pedersen, and S. 

Tomita, Phys. Rev. Lett. 91, 048302 (2003). 

[4] C. E. Crespo-Hernández, B. Cohen, and B. Kohler, Nature 436, 1141 (2005). 

[5] D. Markovitsi, F. Talbot, T. Gustavsson, D. Onidas, E. Lazzarotto, and S. Marguet, Nature 441, 

E7 (2006). 

[6] I. Buchvarov, Q. Wang, M. Raytchev, A. Trifonov, and T. Fiebig, Proc. Natl. Acad. Sci. USA 

104, 4794 (2007).    

[7] D. Markovitsi, T. Gustavsson, and A. Banyasz, Mutat. Res. Rev. 704, 21 (2010).  

[8] A. I. S. Holm, L. M. Nielsen, S. V. Hoffmann, and S. Brøndsted Nielsen, Phys. Chem. Chem. 

Phys. 12, 9581 (2010).   

[9] U. Kadhane, A. I. S. Holm, S. V. Hoffmann, and S. Brøndsted Nielsen, Phys. Rev. E 77, 021901 

(2008). 

 [10] I. Vayá, T. Gustavsson, F.-A. Miannay, T. Douki, and D. Markovitsi, J. Am. Chem. Soc. 132, 



XV

 9 

11834 (2010).  

[11] D. Markovitsi, T. Gustavsson, and I. Vayá, J. Phys. Chem. Lett. 1, 3271 (2010).   

[12] B. Kohler, J. Phys. Chem. Lett. 1, 2047 (2010). 

[13] J. C. Genereux and J. K. Barton, Chem. Rev. 110, 1642 (2010). 

[14] T. Miyata and S. Yomosa, J. Phys. Soc. Jpn. 27, 727 (1969). 

[15] B. Bouvier, J.-P. Dognon, R. Lavery, D. Markovitsi, P. Millié, D. Onidas, and K. Zakrzewska, 

J. Phys. Chem. B 107, 13512 (2003).  

[16] S. P. Møller, Nucl. Instrum. Meth. Phys. Res. A 394, 281 (1997). 

[17] J. U. Andersen, P. Hvelplund, S. Brøndsted Nielsen, S. Tomita, H. Wahlgreen, S. P. Møller, U. 

V. Pedersen, J. S. Forster, and T. J. D. Jørgensen, Rev. Sci. Instrum. 73, 1284 (2002). 

[18] J. Gidden and M. T. Bowers, Eur. Phys. J. D 20, 409 (2002). 

[19] B. Liu, P. Hvelplund, S. Brøndsted Nielsen, and S. Tomita, Phys. Rev. A 74, 052704 (2006). 

[20] J. C. Marcum, A. Halevi, and J. M. Weber, Phys. Chem. Chem. Phys. 11, 1740 (2009). 

[21] J. A. Wyer and S. Brøndsted Nielsen, J. Chem. Phys. 133, 084306 (2010). 

[22] L. Li and D. M. Lubman, Anal. Chem. 59, 2538 (1987). 

[23] X. Yang, X.-B. Wang, E. R. Vorpagel, and L.-S. Wang, Proc. Natl. Acad. Sci USA 101, 17588 

(2004). 

[24] Z. Q. Guan, N. L. Kelleher, P. B. O’Connor, D. J. Aaserud, D. P. Little, and F. W. McLafferty, 

Int. J. Mass Spectrom. Ion Processes 158, 357 (1996). 



XV

 10 

[25] V. Gabelica, F. Rosu, T. Tabarin, C. Kinet, R. Antoine, M. Broyer, E. De Pauw, and P. 

Dugourd, J. Am. Chem. Soc. 129, 4706 (2007).  

[26] V. Gabelica, T. Tabarin, R. Antoine, F. Rosu, I. Compagnon, M. Broyer, E. De Pauw, and P. 

Dugourd, Anal. Chem. 78, 6564 (2006). 

[27] A. S. Danell and J. H. Parks, J. Am. Soc. Mass Spectrom. 14, 1330 (2003). 

[28] J. M. Weber, I. N. Ioffe, K. M. Berndt, D. Löffler, J. Friedrich, O. T. Ehrler, A. S. Danell, J. H. 

Parks, and M. M. Kappes, J. Am. Chem. Soc. 126, 8585 (2004).   

 

 

 

 

 

 

 

 

 

 

 

 



XV

 11 

1 m 
Micro-channel 
plate detector

Accelerator with 
electrospray ion source

Magnet

Ion bunch
Laser              

power meter
Laser

 

   

 

 

 

 

FIG. 1 (color online). The electrostatic ion storage ring in Aarhus (ELISA). 
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FIG. 2. Time spectra of dAn
- (n = 2, 3, and 4) and dA4

2- anions after 250-nm photoexcitation.  
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FIG. 3. Time spectra of dAn
- (n = 2, 3, and 4) and dA4

2- anions after 210-nm photoexcitation.  
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FIG. 4 (color online). Action spectra of AMP anions recorded after two different excitation times in 

the ring (see Fig. 1). At low wavelengths and early excitation times, the decay is over before the 

photoexcited ions have made it to the straight section where dissociation is sampled. As a result 

there is a discrimination against measuring the decay at low wavelengths. 
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FIG. 5 (color online). Action spectra of dAn
- anions recorded from the measurements of the yield of 

neutrals as a function of excitation wavelength. (a) n = 2; (b) n = 3, (c) n = 4. The action spectrum 

of dAMP- is shown on each panel (grey points) [20]. 

 

220 240 260 280 300

dA
2−

4

 

 

A
b
s
o
rp

ti
o
n
 (

a
rb

. 
u

n
it
s
)

Wavelength (nm)
 

FIG. 6 (color online). Action spectrum of dA4
2- anions recorded from the measurements of the yield 

of neutrals as a function of excitation wavelength.  
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Laser Pump-Probe Experiments on
Microsecond to Millisecond Timescales at an
Electrostatic Ion Storage Ring: Triplet–Triplet
Absorption by Protoporphyrin-IX Anions

Kristian Støchkel, Jean Ann Wyer, Maj-Britt Suhr Kirketerp, and
Steen Brøndsted Nielsen
Department of Physics and Astronomy, Aarhus University, Aarhus, Denmark

Here we demonstrate that pump-probe experiments can be carried out on microsecond to
millisecond timescales using an electrostatic ion storage ring. As a test case, we have chosen
protoporhyrin IX anions that have lifetimes with respect to dissociation after photoexcitation
on this time scale. Ions were photoexcited on one side of the ring with either 430- or 535-nm
light (pump) and then allowed to take a certain number of revolutions before they were
photoexcited by a second laser pulse (probe) with wavelengths between 650 and 950 nm. If
ions were first excited by the pump, an increased yield of neutral products caused by the
absorption of red light was measured in a microchannel plate detector located on the other side
of the ring. This implies that it is possible to pick out ions that were photoexcited by the pump
pulse and to spectroscopically characterize these ions.We report absorption spectra of 535 nm
photoexcited porphyrin anions, with time delays of 0.19 and 0.57 ms between the pump and
probe pulses, and find that absorption occurs over a broad region in the red. (J Am Soc Mass
Spectrom 2010, 21, 1884–1888) © 2010 Published by Elsevier Inc. on behalf of American Society
for Mass Spectrometry

Time-resolved experiments on ions in vacuo have
been carried out with great success on the fem-
tosecond to picosecond timescales in recent years.

On this timescale, the ions only move slightly between
the laser pulses, and the experiment therefore relies on
a good overlap between the two laser beams for the
probe photons to interact with the same molecules that
were excited by the pump photons. These experiments
have provided important information on lifetimes of
electronically excited states and on de-excitation path-
ways back to the electronic ground state. Examples
include protonated aromatic amino acids, peptides,
flavin, DNA nucleobases, C60, and cluster anions [1–9].
To study longer timescale processes, larger time

delays between the pump and probe laser beams are
needed. Dunbar and coworkers [10–12] have investi-
gated the radiative cooling of ions in an ion cyclotron
resonance (ICR) ion trap using time delays between the
two laser pulses of 100 ms and up to seconds. On the
shorter timescale of microseconds to milliseconds, there
is very little work. Using UV light, Joly et al. [13]
recently photodetached an electron from a tryptophan-
based pentapeptide dianion stored in a quadrupole ion
trap. The radical monoanion was shown to be stable for

long periods (at least 40 �s) based on photodissociation
experiments using a probe laser pulse (visible light)
delayed in time.
In the present work, our goal is to address long-lived

excited states. For example, photoexcitation of an even-
electron species to a singlet state is often followed by
intersystem crossing to a lower-lying triplet state. Such
a molecule is trapped in its triplet state for a long time
since the required spin-flip introduces a bottleneck for
returning to the electronic ground state. Porphyrins are
known to have high triplet-quantum yields and triplet-
state lifetimes of microseconds to milliseconds [14–18].
Hence they are well-suited as test cases for triplet-triplet
absorption spectroscopy. Gas-phase time-resolved ex-
periments at these long timescales are possible using
ion traps, e.g., quadrupolar and ICR ion traps. Here we
show, using protoporphyrin IX (pp) anions (Figure 1),
how the implementation of two pulsed lasers at an
electrostatic ion storage ring also allows for such exper-
iments. A benefit of the ring technique is that only ions
with the same mass-to-charge ratio are stored at any
time.

Experimental

Experiments were performed at the electrostatic ion
storage ring in Aarhus (ELISA) (see Figure 2) [19–21].
Electrospray ionization was used to produce ions,
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Department of Physics and Astronomy, Aarhus University, Ny Munkeg-
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which were subsequently accumulated in a 22-pole ion
trap and thermally equilibrated by collisions with a
helium buffer gas therein (Figure 2). The ions were
accelerated as an ion bunch to kinetic energies of 22
keV, and a bending magnet was used to select the
appropriate ions. Following injection into the ring, the
ions were stored for about 35 ms to ensure the decay of
highly vibrationally excited ions before being irradiated
by a nanosecond light pulse from a tunable laser
(Spectra Physics). This is an Nd:YAG laser where the
third harmonic (355 nm) pumps an optical parametric
oscillator (OPO), which subsequently has a visible out-
put. The excitation wavelength for the experiment was
chosen to be either 430 or 535 nm. The photoexcited ions
were allowed to take a certain number of revolutions
before they were excited in the same region as before by

a second laser pulse from a tunable laser (EKSPLA).
This is also an Nd:YAG laser in combination with an
OPO. The wavelength was scanned between 650 and
950 nm. Note that at 709 nm the beam-exit window of
the laser changes. For the 430-nm pump experiment, a
dichroic mirror that reflects blue light (pump) and
transmits red light (probe) was used to align the beams.
For the 535-nm pump experiment, the dichroic mirror
does not reflect. Instead, the mirror was removed and a
nearly parallel path was introduced for the probe beam
relative to the pump beam using two different mirrors.
The repetition rate of the experiment was 10 Hz. Life-
times with respect to dissociation were obtained from
measurements of the yield of neutrals at each cycle
hitting the microchannel plate (MCP) detector located
at the end of the straight section opposite the straight
side where photoexcitation was performed (i.e., de-
layed dissociation).
The pressure in the ring was of the order of 10�10

mbar, which set an upper limit of 1–2 s on the storage
time. The protoporhyrin IX compound was purchased
from Sigma-Aldrich (St. Louis, MO, USA) and dis-
solved in methanol.

Results and Discussion

A time spectrum of pp anions is shown in Figure 3. The
high count rate after injection is due to the decay of
vibrationally excited ions that were formed during the
transmission from the 22-pole ion trap to the ring. After

Figure 1. Structure of protoporphyrin IX (pp) anions.

1 m
Micro-channel
plate detector

Accelerator with
electrospray ion source

Magnet

Ion bunchLaser
power meter 

Laser
Pump and probe

laser pulses 

Laser

Figure 2. Two-laser experiment at the electrostatic ion storage ring in Aarhus (ELISA). Ions are
stored in the ring for a certain number of revolutions before they are photoexcited by the first laser
pulse (pump). A second laser pulse (probe) delayed in time relative to the first is then used to monitor
photoexcited ions from an increased yield of neutrals in the MCP detector. Note that the delay times
chosen correspond to three or more revolutions of the ions in the ring; in other words ions move in
space between the two pulses. The ion source including the 22-pole ion trap is also shown. See text for
more details.
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about 5 ms, the decay rate is nearly constant and is
ascribed to collisions with residual gas in the ring. The
time constant for storage of the ions in the ring is 200 ms
according to a long time measurement (Figure S1,
which can be found in the electronic version of this
article).
After about 35 ms, the ions were irradiated by light

(430 nm) that lies within the Soret absorption band
region (S0 ¡ S2 transition). This gave rise to an in-
creased yield of neutrals as can be seen in the delayed
dissociation measurement (see Figure 4a). Hence, the
ions absorb light at this wavelength. There is a fast
decay process with a time constant of 67 
 30 �s,
assigned to statistical dissociation after internal conver-
sion to the electronic ground state, and a slower decay
process with a time constant of 0.87 
 0.30 ms (Figure
4a). The slow one is likely due to the trapping of ions in
an excited-triplet state that acts as a bottleneck for
dissociation as has been discussed in detail earlier [22,
23]. Briefly, intersystem crossing back to the electronic
ground state is slow and occurs approximately with the
time constant of 0.87 ms. A power-dependence mea-
surement reveals that the long-lifetime component is
due to one-photon absorption. The short-lifetime com-
ponent is dominated by one-photon absorption, with
the contribution from two-photon absorption estimated
to be less than 10%. Finally, we note that the dominant
dissociation channel is loss of CO2 as was earlier
reported [22], and that the photon energy is not high
enough for photodetachment to occur since the electron
binding energy of the anion is at least 3.4 eV (electron
binding energy of CH3CH2COO

�).
To spectroscopically characterize the slowly decay-

ing photoexited ions, we fired a second laser pulse after
the ions had taken seven cycles in the ring (revolution
time is 95.2 �s). At this time most of the vibrationally
excited ions had decayed (cf., fast decay process).
Triplet-state excited protoporphyrins in solution have
been reported to absorb above 550 nm [15, 18]. We
therefore chose a probe wavelength of 684 nm to be far

away from the strong absorption of the ground-state
ions themselves. An increased count rate due to absorp-
tion of the probe laser light is clearly visible (Figure 4b).
While when the experiment was repeated with the
pump laser switched off, no increase in the yield of
neutrals was observed (Figure 4c). Possibly, the ions
absorb at this wavelength but the photon flux was too
low for two-photon absorption to occur (about 1.5 mJ
per pulse, laser beam size diameter of about 2 mm).
Hence, absorption of 684-nm light is only sufficient to
cause dissociation from already photoexcited ions. A
similar finding was obtained by pumping with 535-nm
light in the Q-band absorption region (S0 ¡ S1 transition).
The results from pump-probe experiments taken

with different time delays are shown in Figure 5. There
it can be seen that the laser-induced probe signal shifts
in time in accordance with the pump-probe delay. Not
surprisingly, it is evident that the absorption of the
probe light decreased as the time delay increased due to
fewer and fewer photoexcited ions.
Next we decided to measure the action spectrum of

the 535-nm photoexcited ions. This experiment is com-

Figure 3. Time spectrum of pp anions.
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Figure 4. (a) Time spectrum of pp anions that were photoexcited
after 35.19 ms by 430-nm light (pump). (b) Same as (a) but a probe
laser pulse (684 nm) was fired 0.67 ms after the pump laser pulse.
A simplified Jablonski diagram is shown to illustrate the photo-
physical processes: after excitation to the S2 state, internal conver-
sion occurs to S1 followed by intersystem crossing to the T1 triplet
state. Ions in this state absorb red light. (c) Time spectrum of pp
anions that were photoexcited by the probe laser (684 nm) at 35.86
ms. No prior pump pulse was used and, consequently, no absorp-
tion was seen after firing the probe laser.
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plicated by the fact that fluctuations in the two laser
beam intensities need to be corrected. However, this is
simplified as variations in the pump laser power were
less than 5%. Therefore, in the analysis the power of the
pump laser was taken to be constant for all measure-
ments. A correction for variations in ion beam intensity
is also needed and was done based on the yield of
neutrals before photoexcitation. This yield is the result
of collisions between ions and residual gas and is
therefore directly proportional to the number of ions in
the ring. The increased yield of neutrals due to the
probe laser represents the absorption by the photoex-
cited ions (i.e., action spectroscopy). After correcting for
ion beam fluctuations, the yield at each wavelength was
subsequently divided by the number of photons in the
probe laser beam. The number of photons in the probe
laser beam was obtained from an established correla-
tion between wavelength and laser output power and is
estimated to be associated with an uncertainty of 10%.
We estimate that the overall uncertainty in the yield of
photoneutrals is about 20%. This high uncertainty
makes it difficult to find the actual positions of band
maxima. Nevertheless, action spectra were acquired for
the case where the time delay between the pump and
probe laser beams was 0.19 ms and that where it was
0.57 ms (Figure 6). In both spectra, it can be seen that
absorption is strong at 650 nm and that it decreases as
the wavelength increases, with little or no absorption
seen above 800 nm. Furthermore, the band appears
sharper after the longer delay time (0.57 ms) than after
the shorter one (0.19 ms), which may be due to a colder
population at longer delay times. It would have been
useful to go to lower probe wavelengths but this is
complicated due to absorption by these anions in their
ground state.
The absorption observed here is within the expected

absorption region for porphyrins excited to triplet sta-
tes [15, 18]. In benzene solution, Chantrell et al. [18]

found a very small band centered around 700 nm for
protoporhyrin-IX dimethyl ester. A redshift from gas
phase to solution phase is commonly seen for ��*
transitions since the polarizability of a molecule in-
creases with its level of excitation, which favors solute-
solvent interactions. It should be stressed that absorp-
tion by vibrationally hot pp anions may also contribute
to some of the absorption seen in this region. However,
no increase in the yield of neutrals was observed in a
separate experiment where irradiation by 685-nm light
was carried out right after the injection of ions into the
ring (data not shown).Here, the count rate of neutrals is
already particularly high (first 5 ms, see Figure 3) due to
the decay of vibrationally excited ions. These ions are
present in the bunch since some collisions with residual
gas occur during transfer from the 22-pole ion trap to
the ring. From the absence of an increase in neutrals
after light irradiation, we conclude that “hot” band
absorption is not significant and, therefore, the photo-
excited signal due to the probe laser pulse in the
pump-probe experiment arises from absorption by
triplet-state ions.
In conclusion, we have demonstrated that pump-

probe experiments on the microsecond to millisecond
timescale are indeed possible using an electrostatic ion
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Figure 5. Time spectra of pp anions that were photoexcited after
35.19 ms by 535-nm light. In each spectrum the probe laser pulse
(660 nm) was fired after different delay times. The laser-induced
probe signal shifts in accordance with the pump-probe delay.

Figure 6. Action spectra obtained as the yield of photoneutrals
due to the probe laser pulse as a function of probe wavelength.
The pump laser was set to produce light at 535 nm. Time delays
between the pump and probe were 0.57 ms (a) and 0.19 ms (b).
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storage ring in combination with two lasers. The time
resolution of the experiment is the ion revolution time.
Finally, we note that ion trap experiments have an
advantage over the current setup due to better overlap
between the two laser beams and the ion cloud.
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A new method for time-resolved daughter ion mass spectrometry is presented, based on the
electrostatic ion storage ring in Aarhus, ELISA. Ions with high internal energy, e.g., as a result of
photoexcitation, dissociate and the yield of neutrals is monitored as a function of time. This gives
information on lifetimes in the microsecond to millisecond time range but no information on the
fragment masses. To determine the dissociation channels, we have introduced pulsed supplies with
switching times of a few microseconds. This allows rapid switching from storage of parent ions to
storage of daughter ions, which are dumped into a detector after a number of revolutions in the ring.
A fragment mass spectrum is obtained by monitoring the daughter ion signal as a function of the
ring voltages. This technique allows identification of the dissociation channels and determination of
the time dependent competition between these channels. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2884121�

I. INTRODUCTION

Electrostatic storage rings have been used successfully
during the past decade in the study of the physics of atomic
and molecular ions in vacuo. Experiments include measure-
ments of geometrical cross sections of ions, lifetimes after
photoexcitation to obtain Arrhenius dissociation parameters,1

absorption spectra �based on action spectroscopy�,2 triplet
quantum yields after photoexcitation,3 rates for electron
autodetachment,4 rates for radiative cooling,5 dissociative
recombination,6 and electron detachment cross sections
of anions and resonant states of multiply charged anions.7

There are currently three operating instruments, ELISA in
Aarhus �Fig. 1�,8 a ring at KEK, Tsukuba,9 and the TMU
E-ring in Tokyo.10 Three other rings are under construction,
DESIREE in Stockholm,11 CSR in Heidelberg,12 and FIRE in
Frankfurt.13 Being entirely electrostatic, such rings can store
ions of fixed charge and energy with arbitrary mass. They are
therefore particularly useful for the study of heavy systems
such as clusters, fullerenes, and biomolecules. An ion bunch
accelerated to keV energies enters the ring through a differ-
entially pumped beam line. Once injected, the ions circulate
in the ring with revolution times of about 10–100 �s until
they change their energy/charge ratio. Neutrals formed are
not affected by the electric fields and are measured by a
detector located at the end of one of the straight sections
�discussed later�. However, the kinetic energy of a neutral is
not large enough to be measured in an energy-sensitive de-
tector as used for MeV beam energies. In a typical experi-
ment, stored ions are excited by a laser pulse in the ring and
the yield of neutral fragments from delayed dissociation is
then detected turn by turn. Direct or fast processes happening

within a few microseconds are only registered as a depletion
of the stored beam.

When a parent ion dissociates into two fragments, the
fragments share the kinetic energy of the parent ion between
them, the kinetic energy of each fragment being proportional
to its mass. Since only ions with the proper kinetic energy
can be stored in the ring for a fixed setting of the various ring
voltages, daughter ions are lost in the first deflector they have
to pass. Thus, one major limitation in our previous work has
been that we did not know the masses of the fragment ions
produced in the ring after say photoexcitation. Thus, we
could not identify the reaction channels and whether or not
they changed with time. Such information is clearly useful in
the analysis and interpretation of results.

In this work, we present a new technique to overcome
this limitation, based on the implementation of pulsed power
supplies with microsecond switching times. The idea is that a
fast scaling of all voltages of the electric elements in the ring
allows for storage of a particular fragment ion. After several
revolutions, the fragment ions are dumped in the detector to
measure their abundance �Fig. 2�. Hence, a linear scan of the
ring element voltages provides a mass spectrum of the frag-
ment ions formed after, for example, photoexcitation of the
original ions. The energy resolution of such a measurement
depends on the fragment storage time. Dumping after half a
revolution results in an energy acceptance of about 1%.

Hence, an electrostatic storage ring can operate as a
mass spectrometer with no change in its basic construction.
More importantly, the competition between dissociation
channels of photoexcited ions can be determined as a func-
tion of time �two qualitative schemes shown in Fig. 3 as
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example�; the time scale can be as short as tens of microsec-
onds and extend up to seconds �maximum storage time set
by collision-induced dissociation with residual gas in the
ring�. We emphasize that time-resolved daughter ion mass
spectrometry on the microsecond time scale is not easily per-
formed with other mass spectrometers, such as fourier trans-
form ion cyclotron resonance �FT-ICR� instruments that typi-
cally cover time scales of tens of milliseconds. The success
of such an upgrade of ELISA is demonstrated here with a
few examples, together with a description of the characteris-
tics of the new power supplies.

II. PRINCIPLES OF THE ELECTROSTATIC ION
STORAGE RING IN AARHUS, ELISA

The instrumental setup in Aarhus is shown in Fig. 1.8

Ions are typically formed by electrospray ionization and ac-
cumulated in a multipole ion trap in which they are thermally
equilibrated with a helium buffer gas for 0.1 s. The ion
bunch is accelerated through a kilovolt electrostatic poten-
tial, and ions of interest are selected by a magnet and injected
into ELISA through a differentially pumped beam line. As
seen in Fig. 1, the ring consists of two 160° cylindrical de-
flectors with a 10° parallel-plate deflector and an electrostatic
quadrupole doublet on each side of the deflectors. The cir-
cumference of the ring is 8.3 m, and the ions are typically
accelerated to 22 keV before injection, which results in revo-
lution times in the range of 10–100 �s, depending on the
mass. Once injected, the ions circulate in the ring until the
value of their energy/charge ratio changes by decay or in a

reaction. Neutral products are not affected by the electric
fields and will be measured by a detector located at the end
of the straight section �see Fig. 1�. The probability of
collision-induced dissociation in the ring is low because of
the low pressure �a few times 10−11 mbar�, which results in
storage times of seconds. Therefore, to obtain a larger decay
rate and as a result more ionic fragments for mass analysis,
we have excited ions either by photoabsorption in the ring or
by electron capture in the injection beam line.

III. RESULTS AND DISCUSSION

The principle of the new operation of ELISA is exem-
plified with the results of two test studies. The molecular
ions were chosen on the basis of knowledge of their frag-
mentation obtained from other studies.
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FIG. 1. �Color online� The electrostatic ion storage ring in Aarhus, ELISA, in combination with a laser. Vertical deflectors in the ring are not shown. See text
for details.
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FIG. 2. �Color online� Scheme for daughter ion mass spectrometry in
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A. Fragmentation of metastable Ru„bipy…3
+ formed

after electron capture by Ru„bipy…3
2+

A bunch of Ru�bipy�3
2+ �bipy=2,2�-bipyridine� di-

cations was accelerated through an 11 kV electrostatic po-
tential. After mass selection by the magnet, the ions were
collided with sodium atoms in a collision cell, inducing
either dissociation or electron transfer. The ring voltages
were set to store singly charged ions, Ru�bipy�3

+, formed
after electron capture �energy per charge=22 keV�. The
decay spectrum of metastable Ru�bipy�3

+ is shown in
Fig. 4�a� �signal in microchannel plate �MCP� detector as a

function of time�. Such monocations are known to undergo
dissociation with loss of bipyridine as the main channel.14

In another experiment, we stored the Ru�bipy�3
+ ions in

the ring for a few revolutions �revolution time of 96 �s�. The
ring voltages were then switched to store the daughter ion
Ru�bipy�2

+ �t1=1.10 ms�, and after 1.15 ms, the daughter ion
bunch was dumped into the MCP detector by a fast switch of
the 10° deflector in front of the MCP detector to 0 V. The
dumped-beam signal is seen at 2.25 ms �t2� in Fig. 4�b�. The
corresponding switching logic is plotted in Fig. 4�c�. Based
on the neutrals counts just before switching and the counts of
the dumped ion beam, the storage efficiency of daughter ions
is estimated to be at least 40%. There is some loss since the
spatial extent of the ion bunch is rather large, two or three
meters, which implies that not all daughter ions are in a
field-free region when the voltages are switched. This could
be improved by shortening the length of the ion bunch to a
maximum of 20% of the circumference of ELISA, i.e., by
emptying the multipole ion trap more quickly �within 20 �s�.

In order to collect a daughter ion mass spectrum, we set
a hardware gate on the dumped-beam signal and measured
the intensity of the signal as a function of the daughter ion
storage voltages as they were scaled from x=5% to 100% of
the voltages used to store the parent ion. The mass spectrum
is shown in Fig. 5. The most prominent feature is, not sur-
prisingly, loss of bipyridine. There is also a peak which is
assigned to an ion that has lost half of the bipyridine ligand.

Fragmentation due to collisional activation in the
ring was found to be negligible due to the low pressure
��3�10−11 mbar�; however, if required, the pressure can be
increased to increase the collision induced dissociation �CID�
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contribution. Such an option is particularly useful for more
accurate mass calibration �discussed later�.

We reported earlier the fragmentation spectra of
Ru�bipy�3

2+ obtained after high-energy collisions with either
helium or sodium. In the case of He, only CID was observed,
whereas in the case of Na both CID and electron-capture
induced dissociation �ECID� were seen.14 The spectra are
summarized in Fig. 6 together with the present measurement
of Ru�bipy�3

+. In the ELISA experiment, we have resolved
the CID contribution from that of ECID since here only frag-
mentation of the charge-reduced ions was sampled.

B. Photofragmentation of protonated porphyrin

A bunch of protoporphyrin IX cations �pp+, Fig. 7� was
accelerated through a 22 kV electrostatic potential. After
mass selection by the magnet, the ions were injected into
ELISA and stored. The decay spectrum of pp+ is shown
in Fig. 7�a�. The high yield of neutrals immediately after
injection is due to metastable ions that have been excited
during extraction from the ion trap or during injection into
the ring. After a few milliseconds, the signal is dominated by
collisional decay in the ring, the lifetime of the ions being
about 1 s.

At various times, the ions were irradiated with 390 nm
light �photon energy of 3.17 eV� in the side opposite to the
injection side �Fig. 1�. The light source was a pulsed alexan-
drite laser that generated 780 nm light which was frequency
doubled in a crystal. The laser was triggered by the transistor
transistor logic �TTL� pulse generated from the trigger se-
quence that was used for extracting ions from the trap. This

pulse was delayed in order to have a desired temporal over-
lap of the laser pulse with the stored ions. Enhancement
in the decay rate due to photon absorption is clearly seen
�Fig. 7�b��.

For daughter ion mass spectrometry, ring voltages
were switched to store daughter ions. In one case, the ring
voltages were switched immediately after laser excitation
to monitor fragment ions produced before the first turn
�Fig. 8�b�� and, in another, photoexcited ions circulated twice
before the ring voltages were switched �Fig. 8�c��. The
daughter ion mass spectra obtained for these two cases differ
significantly with much more fragmentation seen at short
times �within about 5 �s� as seen in Fig. 8. The various
peaks are assigned to the loss of one or more side chains,
CH3 �15�, CH2CH �27�, COOH �45�, CH2COOH �59�, and
CH2CH2COOH �73�. Charkin et al.15 have shown that loss
of CH2COOH is the lowest energy dissociation channel, re-
quiring 1.9 ��0.2� eV, and in our experiment, this channel
also dominates for photoexcited ions that dissociate after
190 �s. The signal at this later time is due to one-photon
absorption since it increases linearly with the photon flux.
We therefore ascribe the larger fragmentation measured
within the first few microseconds after laser excitation to be
due to two-photon absorption. The lifetime of ions that have
absorbed two photons is expected to be short and most, if not

FIG. 7. �Color online� �A� Time spectrum of neutrals counts for stored pp+

ions. �B� Time spectrum obtained when the ions were excited by a 390 nm
laser pulse at a time of 12.36 ms after injection. The arrow marks in inset
show the times for switching of the ring voltages.
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all, will dissociate before the first turn in the ring. For
comparison, the high-energy CID spectrum of pp+ ions was
recorded at an accelerator mass spectrometer �Fig. 8�a��. In
this case, even more fragmentation was seen but otherwise
the spectra are quite similar. Collisions with residual gas in
the ring should result in a spectrum similar to Fig. 8�a�.

C. Calibration and mass resolution

The mass resolution of the ELISA daughter ion ex-
periment is poor, about 100 �m /�m� �see inset, Fig. 5�. The
reason is that the energy acceptance of the ring is high to-
gether with a high sensitivity of the MCP detector �a large
detection area�. Best resolution was obtained by insertion of
beam scrapers on each side of the ring to reduce the phase
space �Fig. 1�. All data reported here were taken under these
conditions.

Calibration of the daughter ion m /z scale requires that
some fragments can be identified; otherwise a CID spectrum
has to be acquired and carefully compared with that obtained
by a more conventional mass spectrometer. For pp+ ions,
there are many prominent peaks present that can be clearly
identified �Fig. 8�. The calibration curve in this case is found
to be linear and given by m /z=0.96m /zmeasured+31 �Fig. 9�.

IV. FUTURE DIRECTIONS

We have developed a new technique to measure the
fragmentation of ions in a storage ring using pulsed power
supplies, which opens up for a whole new set of ex-
periments. In the future, we plan to address differences in
statistical and nonstatistical fragmentations following photo-
excitation, the latter process being close to prompt.16 Another
important issue is the photodissociation of molecular ions
and determination of Arrhenius parameters in the high-
temperature regime.1 It would be interesting to measure the
fragments and compare with those formed in blackbody
infrared radiative dissociation experiments, where dissocia-
tion of ions with low internal energy is monitored in the
cell of a FT-ICR instrument.17 In addition, changes in
the fragmentation channels as a function of time can be
identified. Finally, the setup allows the study of the photo-
physics of daughter ions, e.g., their absorption spectra can be
measured.
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APPENDIX: CHARACTERISTICS OF NEW POWER
SUPPLIES FOR ELISA

We have implemented the daughter ion technique by the
addition of an extra voltage supply for each plate in the de-
flectors and fast switches for the supplies. The voltages for
the 10° and 160° deflectors are of the order of kilovolts while
for the quadrupole a few hundred volts are needed. The
switches are of the push/pull type. The voltages for the ver-
tical deflectors are bipolar �between −400 and +400 V� and
are switched using fast high voltage amplifiers.

The 10° injection deflector requires three levels for op-
eration: parent ion voltage, daughter ion voltage, and 0 V
when the parent ions are injected. Likewise, the 10° dump
deflector requires three levels: again parent and daughter ion
voltages and 0 V when daughter ions are dumped. However,
three-level switches cannot be switched quickly for all tran-
sitions between the three levels. For the injection deflector,
we have fast switching from 0 V �injection� to parent ion
storage and for daughter ion storage. The dump deflector has
fast switching from parent ion storage to daughter ion stor-
age to 0 V �dump�. The fast switching times are faster than
1 �s, whereas the slow switches can take up to 5 ms. The
switch has a limit for the daughter ion voltage that cannot be
lower than 5% of the parent ion voltage.

All switches were designed and built at the University of
Aarhus and have been integrated into the control system. All
voltages are scaled by a common scaling parameter �x�, and
the switching time is given by an external common trigger.
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We have developed an experimental technique that allows us to study the physics of short lived
molecular dianions in the gas phase. It is based on the formation of monoanions via electrospray
ionization, acceleration of these ions to keV energies, and subsequent electron capture in a sodium
vapor cell. The dianions are stored in an electrostatic ion storage ring in which they circulate with
revolution times on the order of 100 �s. This enables lifetime studies in a time regime covering five
orders of magnitude, 10−5–1 s. We have produced dianions of 7,7,8,8-tetracyano-p-quinodimethane
and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane �TCNQ-F4� and measured their
lifetimes with respect to electron autodetachment. Our data indicate that most of the dianions were
initially formed in electronically excited states in the electron transfer process. Two levels of
excitation were identified by spectroscopy on the dianion of TCNQ-F4, and the absorption spectrum
was compared with spectra obtained from spectroelectrochemistry of TCNQ-F4 in acetonitrile
solution. © 2007 American Institute of Physics. �DOI: 10.1063/1.2771177�

I. INTRODUCTION

In recent years there has been a growing interest in the
physics and chemistry of molecular dianions in the gas phase
with numerous reports on their formation and behavior.1–4

Due to the Coulomb repulsion between the two excess elec-
trons, dianions are often electronically unstable and the bind-
ing energy of the second electron depends strongly on the
molecular size.5 The second electron is confined within the
Coulomb barrier, which is a result of a short range attraction
and the long range Coulomb repulsion, a situation quite simi-
lar to that of an � particle inside a metastable nucleus.6 The
dianion may therefore have a long lifetime due to low rates
of tunneling through the Coulomb barrier. Dianions are ex-
amples of molecular systems in which electron correlation is
of major importance, and a fundamental understanding of
their physics may pave the way for improvement of quantum
chemistry models.

Because of the fragility of dianions, their formation is an
experimental challenge. We have developed a technique in

which monoanions with high translational energy �keV� col-
lide with alkali-metal atoms in a vapor and pick up electrons
to become dianions.7–14 In this way we produced dianions of
7,7,8,8-tetracyano-p-quinodimethane �TCNQ� and 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane �TCNQ-F4�
�Fig. 1�,9 which are electron acceptors that have been widely
employed for the construction of electrically conductive or-
ganic charge-transfer salts.15 The precursor radical anions
were produced with a large yield from electrospray ioniza-
tion due to the high electron affinities of the neutral mol-

a�Electronic mail: sbn@phys.au.dk

FIG. 1. Sodium-promoted generation of TCNQ and TCNQ-F4 dianions:
Monoanions of TCNQ and TCNQ-F4 were produced by electrospray ioniza-
tion and converted to dianions in collisions with Na.
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ecules �3.4±0.2 eV of TCNQ�.16–18 The possibility of sym-
metric cleavage of the radical anions to produce fragment
ions of similar mass-to-charge ratio as the dianions was ruled
out from selection of the natural 13C isotope at one mass
higher.9 In our previous experiments we did not obtain infor-
mation about the lifetimes of the dianions with respect to
electron autodetachment or about their stabilities, nor did the
experiments reveal information on the electronic states being
populated in the electron transfer process. To address these
questions, we have in this work studied the decay of
TCNQ2− and TCNQ-F4

2− dianions in the Electrostatic Ion
Storage ring in Aarhus, ELISA and recorded the gas phase
absorption spectrum of TCNQ-F4

2−. This work parallels ear-
lier ELISA studies of the dianions of C60 and C70.

12 In addi-
tion, we have used TCNQ-F4 in a spectroelectrochemical
study in order to obtain absorption maxima in solution.

II. EXPERIMENT

A. Gas phase measurements

The TCNQ and TCNQ-F4 anions were produced by
electrospray ionization of the molecules dissolved in aceto-
nitrile. The solutions were pumped through a needle held at a
voltage of −3 kV with a flow rate of 3 �l /min. The nano-
droplets were passed through a heated capillary �150 °C� to
remove the remaining solvent molecules. The resulting bare
ions were stored for typically 0.1 s and thermalized at room
temperature in a multipole ion trap filled with a He gas main-
tained at about 1 mbar with an adjustable gas inlet. Ion
bunches ejected from the trap were accelerated to 22 keV,
and ions of interest were mass selected with a bending mag-
net. The ions then passed through a Na vapor cell, in which
doubly charged anions TCNQ2− and TCNQ-F4

2− were pro-
duced by electron capture from Na. All ions �singly and dou-
bly charged anions� were injected into the electrostatic ion
storage ring ELISA,19,20 which is illustrated in Fig. 2. The
ring parameters were first set to store monoanions and later
to store dianions.

We first measured lifetimes of monoanions by counting
the neutrals hitting the microchannel plate �MCP� detector
placed at the end of the first straight section �injection side,
cf. Fig. 2�. These lifetimes are determined by collisions with
the residual gas in the ring which has a pressure of a few
times 10−11 mbar.

Two methods of observation were used to study the de-
cay of dianions: one determines directly the decay rate, the
other the decrease of the number of stored ions. In the first,
decay of metastable dianions by electron autodetachment
was measured by detection of singly charged anions with a

channeltron placed very close to the stored beam after a 10°
deflector on the opposite side to injection in the ring �see Fig.
2�. The revolution periods for TCNQ2− and TCNQ-F4

2− are
57.8 and 66.1 �s, respectively. The injection rate was nor-
mally 10 Hz but was decreased for the observation of long
decay times. In the second method, the beam was dumped
into the MCP detector at different times after the injection.
The dumped beam counts were normalized to the sum of
channeltron counts over the first 100 �s.

Absorption spectra of TCNQ-F4
2− dianions were obtained

from laser absorption at two different storage times in the
ring �0.5 and 1.6 ms�. The ions were irradiated with light on
the “back side” of the ring �Fig. 2�. The laser was an optical
parametric oscillator, pumped by the third harmonic radia-
tion from a Nd-doped yttrium aluminum garnet laser. The
measurements were made with an unfocused laser beam
about 1 cm in diameter and with a pulse energy of
0.15–0.30 mJ and pulse width of 10 ns �full width at half
maximum�. The pulse repetition rate of the laser was 10 Hz
so that each ion bunch was irradiated with only one laser
pulse. Monoanions formed upon photodetachment were
again measured with the channeltron detector.

B. Solution phase measurements

Cyclic voltammetry was measured in acetonitrile
�MeCN, Labscan, HPLC grade, dried over molecular sieves�
solutions containing 0.1M Bu4NPF6 �from Aldrich, used as
received� as supporting electrolyte, using a CHI630B poten-
tiostat �CH Instruments, TX�. Pt electrodes were used as both
working and counterelectrodes, while the reference was
Ag/Ag+ in the same solvent. All potentials are reported rela-
tive to ferrocene �Fc+/Fc, 0.31 V versus standard calomel
electrode21� measured in the same setup.

The apparatus was also used for the spectroelectro-
chemical experiments in a 1 mm absorption cuvette �Quartz,
Hellma�, except that the counterelectrode was separated from
the solution by a glass frit, and the working electrode ex-
changed for a Pt grid �mesh 400�. Absorption spectra of the
neutral, radical anion, and dianionic species were recorded
on a Cary 50 �Varian Inc.� with a potential that was set to be
approximately 0.2 V more reductive than the peak potentials
found from cyclic voltammetry.

III. RESULTS AND DISCUSSION

A. Lifetimes in the storage ring

The decay spectrum of TCNQ•− monoanions is shown in
Fig. 3. The signal in the MCP detector results from neutrals
formed by collisions with residual gas in the ring and is well
described by exponential decay with lifetime of 1 s. A simi-
lar lifetime was obtained for TCNQ-F4

•− indicating a similar
collision cross section.

As mentioned above, lifetimes of TCNQ2− dianions were
measured in two different ways, either by looking at the
decay rate n�−dN /dt, where N is the number of stored di-
anions and t is the time after they were formed, or by mea-
suring the number N of stored ions. The results are shown in
Fig. 4, and three exponentials were required to describe all of

FIG. 2. Schematic layout of the electrostatic storage ring ELISA.

124301-2 Panja et al. J. Chem. Phys. 127, 124301 �2007�
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the data satisfactorily. The expressions used for the fits to the
channeltron data and MCP data are given below as Eqs. �1�
and �2�, respectively,

n�t� � − dN/dt = A1k1 exp�− k1t� + A2k2 exp�− k2t�

+ A3k3 exp�− k3t� , �1�

N�t� = A1 exp�− k1t� + A2 exp�− k2t� + A3 exp�− k3t� , �2�

where Ai and ki �i=1,2 ,3� are the three preexponential fac-
tors and rate constants. The time constants �i=1/ki and the
relative contribution of each exponential f i �=Ai / �A1+A2

+A3�� are summarized in Table I. In the fits to the two data
sets the same time constants and relative contributions were
used. The component with a long lifetime of 0.72 s is attrib-
uted to collisional electron detachment due to the residual
gas and comprises about 1% of the total decay. The majority
of ions �95%� decayed with a lifetime of 0.2 ms and about
4% with a lifetime of 1.0 ms.

The TCNQ dianion has been predicted to be electroni-
cally bound by about 0.1 eV,9 and it is therefore surprising
that most of the dianions decayed quickly �with a signifi-
cantly shorter lifetime than the upper limit �1 s� determined
by collisions�. This indicates that in the electron transfer pro-
cess, two different electronically excited states are populated
to account for the two short lifetimes �Fig. 5�. Internal con-
version results in dianions with high internal energy that de-
cay by thermionic emission of the excess electron. We note
that in earlier mass-analyzed kinetic energy measurements
there was no measurable broadening of peaks corresponding
to monoanionic fragments9 as has been observed for other
dianions formed in this way,8,13 and we therefore assume that
the decay channel is dominantly electron loss and not Cou-
lomb explosion into two singly charged ions. Also, calcula-
tions indicate that Coulomb explosion channels are endother-
mic by at least 1 eV.9

Similar experiments were performed for TCNQ-F4
2−, and

decay spectra are shown in Fig. 6. Three time constants are
again needed to account for the total decay, and the data were
fitted with the constraint that �i and f i should be the same for
both data sets �channeltron data and MCP data�. The values
obtained from the fits are given in Table I. The long-lifetime
component ��=1.1 s� due to collisional electron detachment
is larger than that for TCNQ2− but is still only a minor part of

FIG. 3. Time spectrum of neutral counts for stored TCNQ•− ions in ELISA.

FIG. 4. �a� Electron emission from TCNQ2− in the storage ring, detected as
a signal from TCNQ•− in a channeltron placed after the 10° electrostatic
deflector. ��b� and �c�� Time dependence of the number of TCNQ2− dianions
stored in the ring, measured by dumping the beam onto a microchannel plate
detector with a varying delay after the injection.

TABLE I. Dianion lifetimes. The number in parenthesis is the fraction that
the component comprises of the total decay.

�1 �ms� �2 �ms� �3 �s�

TCNQ2− 0.2 �0.95� 1.0 �0.04� 0.72 �0.01�
TCNQ-F4

2− 0.7 �0.30� 15.0 �0.67� 1.1 �0.03�

FIG. 5. Potential energy of dianion as a function of the distance between the
monoanion and the electron. The potential energy is zero at infinite distance.
The electronic ground state is a bound state, whereas the two excited states
are unbound. Electron transfer from sodium occurs to either the electronic
ground state or to an electronically excited state. The two electronically
excited states can also be reached by photon absorption of the dianion in its
electronic ground state.

124301-3 Excited states of dianions J. Chem. Phys. 127, 124301 �2007�
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the total decay �3%�. The two shorter lifetimes, 0.7 and
15 ms, are longer than those for TCNQ2−. Furthermore, the
fraction of the second component of TCNQ-F4

2− �67%� is
significantly larger than that for TCNQ2− �4%�.

The electron binding energy of the TCNQ-F4 dianion in
its electronic ground state is estimated to be close to 1 eV,14

but the fact that only a minor number of the ions are elec-
tronically stable implies that also for this ion excited states
are populated in the electron transfer process. Owing to the
electron-withdrawing properties of fluorine, the four C–F
bonds are polarized and both the ground state and the excited
states are lower in energy relative to the nonfluorinated spe-
cies. However, the Coulomb barrier is also reduced, and the
lifetimes for electron autodetachment for TCNQ2− and
TCNQ-F4

2− are therefore quite similar.
The inference of electronically excited states is in agree-

ment with the observation of bound excited states of TCNQ
and TCNQ-F4 radical monoanions.22–25 Thus, Brinkman
et al.22,23 reported electronically excited states of TCNQ−•

from electron photodetachment studies and these states were
theoretically characterized by Zakrzewski et al.24 Sobczyk
et al. investigated TCNQ-F4

−• theoretically and also found
bound excited states for this ion.

B. Absorption spectroscopy

The absorption spectrum in the wavelength region of
450–900 nm of TCNQ-F4

2− after a storage time of 0.5 ms in
the ring is shown in Fig. 7�a�. A band with maximum at
about 481 nm is observed. The band has a small shoulder
extending up to about 700 nm indicative of a second elec-

tronic transition with lower oscillator strength. Two Gauss-
ians with maxima at 481 and 567 nm �solution phase maxi-
mum, vide infra� describe the data quite well; the
corresponding transition energies are 2.53 and 2.19 eV. It is
possible that these two excited states are the initial states
being populated in the electron transfer process. It implies
that the Coulomb barrier is more than 2.6 eV above the
ground state energy. This is reasonable since the distance
between the two C�CN�2 groups is about 6 Å and the Cou-
lomb repulsion energy between two electrons separated by
this distance is 2.4 eV. We notice that no monoanions pro-
duced from photoexcited dianions could be measured after
one revolution. A spectrum taken after a longer storage time
�1.6 ms� was similar to the 0.5 ms spectrum, but the data
quality was worse because of fewer ions in the ring.

We also carried out solution phase experiments to eluci-
date the role of a solvent on the electronic properties of the
dianion. Cyclic voltammetry showed reversible reductions
for TCNQ-F4 at half-wave potentials of −0.10 and −0.65 V
vs Fc+/Fc in MeCN, while the poorer acceptor TCNQ is
reduced at −0.20 and −0.76 V vs Fc+/Fc under the same
conditions. Thus, the reductions of TCNQ-F4 are anodically
shifted by the same amount �+0.10 V� relative to those of
TCNQ, as previously observed.26 We performed spectroelec-
trochemistry on TCNQ-F4 �Figs. 7�b� and 8�, and absorption
data for the neutral, radical anion, and dianion species are
collected in Table II together with the values found previ-
ously for TCNQ.27,28 The absorption of TCNQ-F4

2− at
335 nm is very close to that of TCNQ2− �334 nm�, but in
addition TCNQ-F4

2− displays broad absorption bands at ap-
proximately 481 and 567 nm �maxima from Gaussian fits�.
The original spectrum for the neutral TCNQ-F4 was gener-
ated after reoxidation at +0.43 V vs Fc+/Fc.

Broad absorption in the 450–700 nm region of
TCNQ-F4

2− is observed both in the gas phase and in solution.

FIG. 6. �a� Electron emission from TCNQ-F4
2− in the storage ring, detected

as a signal from TCNQ-F4
•− in a channeltron placed after the 10° electrostatic

deflector. �b� Time dependence of the number of TCNQ-F4
2− dianions stored

in the ring, measured by dumping the beam onto a microchannel plate de-
tector with a varying delay after the injection.

FIG. 7. Gas phase �a� and solution phase �b� absorption spectra of
TCNQ-F4

2−. The data between 400 and 700 nm can be described by the sum
of two Gaussians.

124301-4 Panja et al. J. Chem. Phys. 127, 124301 �2007�
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This finding confirms that the solution-state absorption is an
intrinsic absorption of the dianion and not the result of ag-
gregation �e.g., dimer formation�. Secondly, we note that the
electronic transition with maximum at 477 nm in the gas
phase is unperturbed by solvation of TCNQ-F4

2− in acetoni-
trile. For comparison, in the case of TCNQ radical anions,
the absorption spectrum of the anion in the gas phase was
also found to be very similar to that of the anion in solution
phase.22 However, for TCNQ-F4

2− the oscillator strength of
the band at 567 nm is much larger in solution than in gas
phase �Fig. 7�b��. This observation seems to indicate that the
two bands should be assigned to separate electronic transi-
tions rather than vibrational fine structure. Finally, the solu-
tion spectrum reveals absorption between 700 and 1000 nm,
which is most likely due to monoanions in the solution not
being reduced to dianions since in the gas phase no absorp-
tion occurred in this region. Likewise, the small absorption at
420 nm in solution is due to monoanion absorption.

IV. CONCLUSIONS

Monoanions of 7,7,8,8-tetracyano-p-quinodimethane
�TCNQ� and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
p-quinodimethane �TCNQ-F4�, produced by electrospray
ionization, were converted into dianions in collisions in a
sodium vapor. After injection into an electrostatic ion storage
ring, most of the dianions decayed by electron emission on a
significantly shorter time scale �microseconds to millisec-
onds� than for collision-induced dissociation in the ring �sec-
onds�. Since the electron binding energies of the dianions in
their electronic ground state are close to 0 and 1 eV for
TCNQ2− and TCNQ-F4

2−, respectively, the electron is trans-
ferred into an electronically excited state of the dianion with
positive energy during the femtosecond interaction time of
the formation of the dianion. Two short lifetimes �determined
by the probability for tunneling through the Coulomb bar-
rier� were measured, indicating that two excited states are

formed. In agreement with this, spectroscopy on TCNQ-F4
2−

revealed two absorption bands between 450 and 700 nm that
were also measured for dianions in acetonitrile solution. Up-
take of an electron by the radical monoanion into one of
these two electronically excited states followed by internal
conversion leads to vibrationally excited dianions that subse-
quently decay by electron emission with two characteristic
lifetimes. The decay of dianions is interpreted as thermally
assisted tunneling, either via excited electronic states or with
transfer of energy to the electron from vibrational hot bands.
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FOCUS: ELECTRON CAPTURE DISSOCIATION FOR MS/MS

Electron-Capture–Induced Dissociation of
Protoporphyrin IX Ions
Virgile Bernigaud,a Kasper Drenck,b Bernd A. Huber,a

Preben Hvelplund,b Tristan Jabot,b Umesh Kadhane,b

Maj-Britt Suhr Kirketerp,b Bo Liu,c Morten Køcks Lykkegaard,b

Bruno Manil,a and Steen Brøndsted Nielsenb

a Centre de Recherche sur les Ions, les Matériaux et la Photonique, Caen Cedex 5, France
b Department of Physics and Astronomy, University of Aarhus, Aarhus C, Denmark
c Institute of Photo-biophysics, School of Physics and Electronics, Henan University, Kaifeng, China

Electron-capture induced dissociation of protoporphyrin cations and anions has been studied.
The cations captured two electrons in two successive collisions and were converted to the
corresponding even-electron anions. About one fifth of the ions lost a hydrogen atom to
become radical anions but otherwise very little fragmentation was observed. The anions
captured an electron to become dianions. No hydrogen loss occurred, and the only fragmen-
tation channel observed was loss of CO2H, to give a doubly charged carbanion. Our results
indicate that protoporphyrin ions are very efficient in accommodating one or even two
electrons in the lowest unoccupied molecular orbital of the porphyrin macrocycle, and that
electron capture induces only limited dissociation. (J Am Soc Mass Spectrom 2008, 19,
809–813) © 2008 American Society for Mass Spectrometry

Electron-induced fragmentation of biomolecular
ions has become a field of surpassing interest after
the pioneering work done by McLafferty and

Zubarev ten years ago. Most work has focused on pep-
tides and proteins [1–15], oligonucleotides [16], and re-
cently oligosaccharides [17] and lipids [18]. To study the
fragmentation channels, three experimental techniques
are commonly used in combination with mass spectrom-
etry: (1) electron capture dissociation (ECD), where ions
interact with low-energy electrons in an ion trap [1–7]; (2)
electron-transfer dissociation (ETD), where the electron
donor is an anion [8–12]; and (3) electron-capture induced
dissociation (ECID), where ions of high kinetic energy
(keV) capture an electron from a gas target—typically
sodium or cesium with low ionization energies [13–15]. In
contrast to ECD and ETD, ECID works well both for
cations and for anions, as has been demonstrated in
several papers [13–15, 19, 20], and even singly charged
cations can serve as subjects for investigation [21, 22].

To our knowledge there are no reports in the litera-
ture on electron capture by isolated porphyrin ions
despite the fact that these ions are ubiquitous in nature
and play many important roles in biochemistry. In this
work, we have therefore studied ECID of protoporphy-
rin IX (PP) ions (Scheme 1) that can be produced both as

positive and negative ions with electrospray ionization
(ESI). Coordination of iron to PP gives heme, which is
found in the interior of hemoglobin and myoglobin
proteins where it acts as a binding center for dioxygen.
In our experiments, ions are accelerated to high ener-
gies and collided with cesium vapor. The collision
interaction time is a few femtoseconds, and it is there-
fore reasonable to assume a nearly vertical electron-
transfer process. Fragmentation is monitored on a time-
scale of a few microseconds, which is the flight time
from the collision cell to the analyzer.

Experimental

The experimental setup has been described in detail
elsewhere [23, 24]. Ions were produced by ESI. Protopor-
phyrin IX was dissolved in dichloromethane/methanol
(1:1) to produce cations and in methanol to produce
anions. The ions were accelerated to 50-keV translational
energy, and ions with the m/z of interest were selected by
a magnet. After collisions with cesium vapor, the product
ions were analyzed by an electrostatic analyzer that
scanned the kinetic energy of the ions. The spectra are
denoted mass-analyzed ion kinetic energy (MIKE) spectra.
Experiments were also performed with helium or neon as
collision gas to measure collision-induced dissociation
(CID) processes.

Computational Details

Calculations were performed with the GAUSSIAN 98
program package [25]. The [PP–H]� anion was geometry
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optimized at the PM3 level, and the lowest unoccupied
molecular orbital (LUMO) was calculated at the B3LYP/
6-31��G(d) level of theory. Energies of the monoanion
and the dianion in the same geometry as the monoanion
were calculated to determine the vertical electron affinity,
and the calculation also provided the singly occupied
molecular orbital (SOMO) of the dianion.

Results and Discussion

First we consider the fragmentation of positive ions.
The MIKE spectrum obtained for the collisions between
[PP�H]� cations (m/z 563) and helium is shown in
Figure 1A and resembles previously published frag-
mentation spectra of similar porphyrin ions [26]. The
dominant dissociation channel is loss of CH2COOH,
which is the lowest-energy channel according to work
by Charkin et al. [27, 28]. The other peaks are assigned
to the loss of one or more side chains: CH3 (15), CH2CH
(27), COOH (45), CH2COOH (59), CH2CH2COOH (73)
(mass). A peak in the center of the spectrum is assigned
to the doubly charged [PP�H]2� ion formed after
electron detachment, likely due to collisions with resid-
ual dioxygen in the beam line [29]. The charge-reversal
spectrum, �CR�, obtained from collisions with cesium
(Figure 1B) reveals that the dominant ion is [PP�H]�

(m/z 563) formed by capture of two electrons. A narrow
scan with higher resolution in the region of the peak
shows that the peak has a tail toward lower mass
(Figure 2B). We assign this lower mass ion to an ion (m/z
562) that has lost one hydrogen atom. A fit of the
composite peak to two Gaussians with maxima at 563
and 562 provides an estimate of the ratio of the m/z-562
peak to the m/z-563 peak of 1/5. To confirm the H loss
channel, we used CH3OD instead of CH3OH for elec-
trospray to produce deuterated [PP�H]� ions. The
maximum number of exchangeable protons is five (3 �
NH � 2 � COOH). The [PP�H]�–d4 ion (m/z 567) was
selected by the magnet for collisions with cesium (the
beam contained some contamination by the isobaric
13C-[PP�H]�–d3), and the spectrum of the product
anions in the region of the parent mass is shown in
Figure 2C. Signal due to D loss is evident at m/z 565, and
H loss is also seen. The fragment ions at lower mass
(Figure 1B) may be due to electron capture to the parent
ion but they may also arise from electron capture to CID

fragments, that is, to neutral fragments that are formed
together with the positive fragments shown in Figure
1A. The formation of a positive fragment ion that
captures two electrons in two consecutive collisions is
less likely since it requires a total of three collisions. Still
the negatively charged fragments contribute less than
10% of the total signal from negative ions.

In another experiment, [PP–H]� anions (m/z 561)
were collided with helium. The dominant CID chan-
nel was loss of CO2 (Figure 3A) but other side-chain
losses were also seen, such as loss of CH3 or CH2. This
spectrum is to be compared with the ECID spectrum
to identify new processes. Thus, when the ions col-
lided with cesium, two new peaks appeared (Figure
3B) that are tentatively assigned to the [PP–H]2�

dianion (m/z 280.5) and the dianion that has lost
CO2H (m/z 258). Since the parent ion is nearly sym-
metric, it is in theory also possible that it would break
apart to give a fragment ion with half the m/z of that
of the parent ion. The high stability of the macrocycle,
however, renders such a process rather unlikely. To
exclude it with certainty, we selected the parent ion
that contained one 13C (m/z 562) and found that the
peak moved up with 0.5 to m/z of 281 as expected for
a dianion (Figure 5). Symmetric breakages should
give equal abundance of fragment ions at m/z 280 and

Figure 1. MIKE spectra obtained after collisions between
[PP�H]� and helium (A) and cesium (B). In the former case,
positive ions were measured and in the latter negative ions.

Scheme 1
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m/z 281 and can be excluded. According to the
calibration, the dianion is intact (Figure 4), but it is
hard to conclude with certainty because of the width
of the peak (1.5 Thomson). However, it is easy to
check whether hydrogens on heteroatoms are lost
since these can again be exchanged with deuterium
by electrospraying from CH3OD instead of CH3OH.

We therefore selected ions that had exchanged one,
two, and three hydrogens with deuteriums (maxi-
mum number is three, 2 � NH � COOH) and
recorded narrow scans in the region around the
dianion (Figure 5). It is evident that the peak does not
move, that is, it always appears at half the value of
the analyzer voltage to transmit the parent ion, and
hence we conclude that hydrogen from a heteroatom
is not lost. It is stressed that this is an opposite
finding to that of nucleotide anions that after electron
capture lost a hydrogen atom from one of the base
nitrogens [30]. We do not have the compound deute-

Figure 2. Narrow scans in the region of the parent ion, [PP�H]�

(A) and the [PP�H]� ion formed after two collisions with cesium
(B). The peaks are described by Gaussians. (C) Narrow scan in the
region of the [PP�H]�–d4 ion formed after two collisions between
[PP�H]�–d4 and cesium. Four of five exchangeable protons are
replaced with deuterons in the parent ion.

Figure 3. MIKE spectra obtained after collisions between [PP–
H]� and neon (A) and cesium (B). Negative ions are measured.

Figure 4. Spectra in the region of the dianion when either
[PP–H]� (m/z 561) or 13C-[PP–H]� (m/z 562) that contains one 13C
were selected as parent ions.

811J Am Soc Mass Spectrom 2008, 19, 809–813 ECID OF PROTOPORHYRIN IX IONS
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rium labeled at the carbons for a similar experiment
and therefore rely on calculations. These indicate that
the LUMO (lowest unoccupied molecular orbital) is a
�* orbital located on the porphyrin macrocycle, but it
is not antibonding between carbon and hydrogen
(Figure 6); the orbital is similar to the SOMO of the
dianion. Finally, we calculated the energies of differ-
ent COH and NOH bonds of the porphyrin and
found that it requires more than 3.5 eV to cleave an
NOH bond and at least 0.8 eV more to cleave a COH
bond. Taken together, we find it safe to conclude that
no hydrogen loss occurred after electron capture to
the [PP–H]� anion, which is in accordance with the
observation of the intact [PP�H]� anion from double
electron capture to the [PP�H]� cation in the previ-
ous experiment. The dianionic fragment likely results
from electron capture by the carboxylic acid group
instead of the porphyrin ring followed by loss of
COOH to give a carbanion. This competing channel
occurs with a probability of about 20%.

We have calculated the electron affinity of the neu-
tral porphyrin macrocycle to be 2.0 eV at the B3LYP/

6-31G��(d,p)//6-31G�(d,p) level of theory, which is
in accordance with work by others [31]. However, the
Coulomb repulsion between the two excess charges
likely renders the dianion unbound. The vertical elec-
tron affinity of the anion was calculated to be �0.7 eV.
Since this value is negative, a strong basis set depen-
dence is expected, and the value should be taken with
some caution. Also, possibly the adiabatic electron
binding energy of the dianion is positive. If the dianion
is unstable to electron autodetachment to the contin-
uum, the electron is still trapped because of the repul-
sive Coulomb barrier, a phenomenon discussed in great
detail in earlier studies [32, 33]. One of the excess
charges is on the carboxylate group, and the other is
delocalized over the porphyrin macrocycle. For com-
parison, Goto et al. [34] have recently shown that photo-
excited porphyrin anions in a storage ring have a long
lifetime with respect to electron autodetachment (micro-
seconds to milliseconds), even when the photon energy is
larger than the electron binding energy of the anion, that
is, super-excited porphyrin anions were formed. It is
therefore reasonable to assume the dianions to be rather
long-lived even if electronically unbound.

Conclusions

Electron capture by protoporphyrin IX ions leads to
limited fragmentation only. In the case of double elec-
tron capture by cations hydrogen loss is observed,
whereas in the case of single electron capture by anions,
the only dissociation process corresponds to the loss of
CO2H.
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Figure 5. Spectra in the region of the dianion for different
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dianion formed after electron capture corresponds to 0 on the axis.
The parent ion is (A) [PP–H]�, (B) [PP–H]�d1, (C) [PP–H]�-d2, and
(D) [PP–H]�-d3.

Figure 6. (A) The LUMO of the [PP–H]� anion. (B) The SOMO of
the [PP–H]2� dianion.
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Abstract

The loss of C2H2 is a low activation energy dissociation channel for anthracene (C14H10) and acridine (C13H9N) cations. For the
latter ion another prominent fragmentation pathway is the loss of HCN. We have studied these two dissociation channels by collision
induced dissociation experiments of 50 keV anthracene cations and protonated acridine, both produced by electrospray ionization,
in collisions with a neutral xenon target. In addition, we have carried out density functional theory calculations on possible reaction
pathways for the loss of C2H2 and HCN. The mass spectra display features of multi step processes, and for protonated acridine the
dominant first step process is the loss of a hydrogen from the N site, which then leads to C2H2/HCN loss from the acridine cation.
With our calculations we have identified three pathways for the loss of C2H2 from the acridine cation, with three different cationic
products: 2-ethynylnaphthalene, biphenylene, and acenaphthylene. The third product is the one with the overall lowest dissociation
energy barrier. For the acridine cation our calculated pathway for the loss of C2H2 leads to the 3-ethynylquinoline cation, and the
loss of HCN leads to the biphenylene cation. Isomerization plays an important role in the formation of the non-ethynyl containing
products. All calculated fragmentation pathways should be accessible in the present experiment due to substantial energy deposition
in the collisions.

Keywords: Electrospray, anthracene, acridine, acetylene, isomerization, fragmentation

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of or-
ganic molecules based on two or more fused aromatic rings,
with hexagonal rings as a typical dominant constituent. They
are found and formed in a wide variety of environments. On
Earth, their sources may be both natural and anthropogenic.
These include, but are not limited to, incomplete combustion
of organic matter [1], oil spills and seeps [2], volcano emis-
sions [3], and biological activity [4]. Sedimentary records show
a general good agreement between PAH concentration and the
combustion efficiency of industrialization related energy con-
sumption [1]. PAHs are in fact considered to be one of the most
widespread organic pollutants [4] and have attracted a lot of at-
tention due to several isomers having toxic, carcinogenic, and
mutagenic properties [5].

In extraterrestrial environments, PAHs are believed to be an
important component in interstellar dust and gas, and as such
responsible for the infrared emission features that dominate the
spectra of many galactic and extragalactic sources [6]. PAHs
that contain one or more nitrogen atoms, so called polycyclic
aromatic nitrogen heterocycles (PANHs), has as of yet not been
positively identified in space [7]. They have however been pro-
posed as a possible explanation for the 6.2 µm interstellar emis-
sion feature, which is slightly blueshifted from what is observed
in laboratory PAH experiments [8], a trend that seems more
prominent for protonated PANHs [9]. The existence of PANHs

in space has also been inferred by their detection in meteorites
[10–12], and they may be present in the haze surrounding Sat-
urn’s largest moon Titan [13, 14].

Anthracene, C14H10, and acridine, C13H9N, are two repre-
sentatives of the groups PAHs and PANHs respectively (Fig. 1
presents all the molecules discussed in the introduction). Both
molecules consist of three planar aromatic rings, but differ in
that a C-H in the central anthracene ring has been replaced by
an N to form acridine. The dissociation behavior of anthracene
has been studied experimentally through photodissociation[15–
17] and collision induced dissociation (CID) [18, 19], and the-
oretically primarily through density functional theory (DFT)
calculations [20, 21]. These studies have shown the lowest
unimolecular dissociation channels for the anthracene radical
cation, C14H•+10 , to be the loss of an H• atom, 2H/H2, or an acety-
lene molecule, C2H2. Ling and Lifshitz measured the activation
energy for these three channels to be 4.38 eV, 4.55 eV and 4.50
eV respectively [17].

The most stable isomer for anthracene•+ following acetylene
loss is acenaphthylene•+ (cf. figure 1). However, experiments
have shown that biphenylene•+ may be a more plausible prod-
uct [17, 20], although there is no direct pathway between these
two isomers. Biphenylene•+ is also the most likely product fol-
lowing acetylene loss from the C14H•+10 isomer phenanthrene•+,
but in this case a direct pathway exists through C2H2 elimina-
tion from the central ring. The latter led Ling and coworkers to
the conclusion that isomerization between the two C14H•+10 iso-

Preprint submitted to ”Journal” June 8, 2011



1 Anthracene

3 Acridine

C
14

H
10

C
13

H
9
N

C
12

H
8

6 Biphenylene5 Acenaphthylene

2 Phenanthrene

4 Phenanthridine

Figure 1: Molecules discussed in the introduction.

mers and direct acetylene loss from anthracene•+ are competing
processes [17], but no explicit potential energy surface for the
two processes was presented. They could also not completely
rule out the formation of acenaphthylene•+.

For acridine the situation is quite the opposite compared to
anthracene in that few references regarding its dissociation be-
havior can be found in the literature. A comprehensive study
was however made by Acheson et al. [22] who obtained a
scheme for acridine fragmentation following electron impact
excitation. They found that acridine radical cation may decay
by emitting an H• atom, 2H/H2 or a C2H2 molecule, just as an-
thracene does, but with the additional possibility of expelling a
hydrogen cyanide molecule, HCN. In order to elucidate the pro-
cesses involved in the expulsion of HCN Acheson et al. deuter-
ated the central carbon atom in acridine but were unable to de-
tect that deuterium as part of the HCN loss [22].

In this work we study the fragmentation behavior of the an-
thracene radical cation and protonated acridine, [C13H9N +
H]+, in ion collisions experiments with neutral targets at keV
energies. Furthermore, the potential energy surfaces of the
C2H2 loss channel for anthracene•+, and the C2H2 and HCN
loss channels for acridine•+, as well as their isomerization bar-
riers, has been explored with the use of DFT calculations. By
means of these calculations we are able to present possible
mechanisms for the C2H2 and HCN losses.

2. Experimental

The details of the experimental setup has been described else-
where [23, 24]. In brief, an electrospray ion source was used to
produce gas phase ions of anthracene•+ and protonated acridine
from two separate solutions. The anthracene solution was pre-
pared by dissolving anthracene (≥ 99 % purity, from Fluka) to a
2 ppm concentration in water/methanol (1:1) with 0.1 mmol/L

silver nitrate following a procedure outlined by Maziarz et al.
[25]. This method makes use of electrochemical effects inher-
ent to the electrospray ion source and allows for the production
of anthracene radical cations through an oxidation-reduction re-
action with the Ag(I) salt. It is an effective way to produce gas
phase ions from non-polar molecules, such as anthracene, that
lack a natural site for proton attachment, which is the conven-
tional way of ion production with an electrospray ion source.
Acridine, on the other hand, has an excellent site for proton
attachment, i.e. the nitrogen atom. Its high electronegativity al-
lows nitrogen to keep its lone pair electrons from delocalizing
in the aromatic system and thus be available to bond with ion-
ized atomic hydrogen. Therefore acridine (97 % purity, from
Sigma-Aldrich) was dissolved in a methanol solution with 5 %
acetic acid acting as a proton donor to create protonated acri-
dine ions.

Both solutions were electrosprayed and accelerated to 50
keV energy, mass-to-charge selected with a bending magnet
and passed through a collision cell containing Xe target gas.
Fragmentation products were separated with respect to their
mass to charge ratios by mens of a hemispherical electrostatic
energy analyzer and recorded with a channeltron detector.

3. Computational Details

All calculations were carried out with the use of the GAUS-
SIAN 09 program package [26] and its implementation of the
B3LYP [27, 28] functional to solve for the exchange correla-
tion energy in the Kohn-Sham [29] orbitals approach to density
functional theory [30]. This functional has been proven to pro-
vide accurate descriptions of the electronic properties in PAHs
while maintaining a low computational cost [31].

Geometries were initially optimized with the 6-31G(d) basis
set and frequency calculations were carried out to ensure lo-
cal minima and transition state structures. The geometries were
then reoptimized with the larger 6-311G++(2d,p) basis set, in-
cluding frequency calculations. Quoted energies are relative en-
ergies obtained with the use of the larger basis set. Zero point
energy corrections, scaled with the factor 0.9877 [32], have also
been taken into account. The relative energies with the larger
basis set differ from the ones with the smaller basis set by typi-
cally less than 0.1 eV, and at most with 0.4 eV. Intrinsic reaction
coordinate calculations were carried out at the 6-31G(d) level to
confirm connections between transition states and their associ-
ated local minima. All energies are quoted in electronvolt (eV).

4. Results and Discussion

Figure 2, shows the complete collision induced dissociation
spectra for protonated acridine, [C13H9N+H]+ (m/q = 180),
and the anthracene radical cation, C14H•+10 (m/q = 178), in 50
keV collisions with a Xe target. Insets in the panels also show
the molecular structure of each ion. The spectra are dominated
by the parent ions, which are located to the far right in the left
panels in the figures and are off scale by several orders of mag-
nitude. Daughter ions are grouped by their total numbers, n, of
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Figure 2: Collision Induced Dissociation mass-to-charge spectra for protonated
acridine (top) and the anthracene radical cation (bottom) in collisions with Xe.
The parent ion intensities are located furthest to the right and are off scale by
several orders of magnitude. The total number, n, of non-hydrogen atoms in
each daughter ion group is marked for each group. Also marked is the dication
present for the protonated acridine, and the Ag+ contamination present in the
anthracene spectrum. Right panels: Zoom-ins of parent ions with hydrogen
loss series.

non-hydrogen atoms, as indicated in the figure. These groups
follow an odd/even pattern, with the even groups having larger
intensities than the odd ones, as is typical for thermally acti-
vated PAH molecules [33] and fullerenes [34, 35] undergoing
multifragmentation processes. This pattern is the most promi-
nent when n ≥ 8. The fragment groups at n = 12 are strong
in both spectra and are due to one-step processes. These will
be explored in greater detail below. The spectra in figure 2 also
show the presence of dications formed from the parent ions.
We believe that these peaks are due to collisions with residual
oxygen gas in the beamline and not with Xe. In the case of
the anthracene cation a peak corresponding to the m/q of singly
ionized silver is also seen, and it is a contaminant from the so-
lution used to ionize anthracene. There is a second, uniden-
tified, contamination peak at m/q = 69. These contaminants
were strongly reduced in intensity through adjustments of the
ion source parameters and furthermore they lie outside the mass
ranges of interest in this study.

The right panels in figure 2 show zoom-ins of the par-
ent ions and their associated series of hydrogen losses. For
[acridine+H]+ the loss of 1H is the dominant fragmentation
pathway, while for anthracene•+ loss of 2H dominates. The
latter could be in the form of two consecutive H• losses or the
loss of an H2 molecule. Ling et al. performed time-resolved
photo-ionization mass spectrometry of pyrene [36] and fluoran-
thene [37] and reported the two channels to compete, with H2
molecular loss dominating for photon energies below 19 eV,
while consecutive H• loss becomes more important for higher
energies. Dyakov et al. calculated H2 loss reactions from naph-

Figure 3: Zoom-ins of daughter ion groups, for n = 11, 12, and 13, where n is
the total number of non-hydrogen atoms in the group, in the protonated acridine
(black) and anthracene radical cation (blue) spectra from figure 2. The groups
are normalized with respect to the total intensity within each group.

thalene cations and found them to be associated with H atom
migrations around the carbon rings with a barrier 60-70 % of
the barrier height of H2 elimination [38]. The dominant 2H
loss peak in the anthracene•+ spectrum therefore indicates that
substantial energy is transferred in the collisions and possibly
that significant H atom migration have taken place in the ions
prior to dissociation.

The large probability for [acridine+H]+ to loose one H• atom
can be further investigated by comparing the fragmentation pat-
tern of [acridine+H]+ to that of anthracene•+. Figure 3 show
zoom-ins of the daughter ions groups of [acridine+H]+ and
anthracene•+ for n = 11, 12, and 13. The mass difference be-
tween the two parent ions is 2 amu, but for the three daughter
ion groups the mass shift is dominantly 1 amu. In the case
of anthracene•+ the peaks at m/q = 163, 152, and 139 are at-
tributed to the loss of CH3, C2H2, and C3H3 respectively. Lower
mass peaks in each group are due to subsequent or preceding
H• or H2 losses. For the [acridine+H]+ daughter ions the in-
terpretation becomes more ambiguous as the experiment does
not allow us to distinguish an m/q of 14 from being N or CH2.
However, the observation that the daughter ions groups in fig-
ure 3 are shifted 1 amu with respect to the two parent ions in-
stead of 2 amu, which leads us to the conclusion that the first
step in [acridine+H]+ dissociation is strongly dominated by the
loss of H• from the nitrogen site, forming the acridine•+ radical
cation. This conclusion is supported by our calculations, which
show that the most weakly bound hydrogen in [acridine+H]+

is the hydrogen bound to the nitrogen site. Its dissociation en-
ergy is 4.07 eV, which is 0.75 eV lower than that for the second
weakest bound hydrogen. For comparison, we calculated the
smallest C-H dissociation energy in anthracene•+ to be 5.28 eV.
Further support can be drawn from Acheson et al., whose elec-
tron impact induced fragmentation mass spectrum of acridine
show the same general features for n = 11, 12, and 13 [22] as
our own. They further performed a detailed study of the n = 12
group mass region and concluded that m/q = 153 is associated
with the loss of C2H2, while m/q = 152 to 149 are associated
with the loss of HCN and subsequent or preceding H• losses.
The similarities between the spectra leads us to believe that our
fragment peaks correspond to the same fragmentation channels.

In the next section we will describe the present theoretical
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Figure 4: C2H2 elimination from an outer ring in the anthracene cation, yielding
2-ethynylnaphthalene•+ (11).

calculations, which suggest possible mechanisms for the losses
of C2H2 from anthracene•+ and acridine•+, and for the loss of
HCN from acridine•+.

4.1. C2H2 Loss from an Outer Ring
The most obvious locations to remove a C2H2 molecule from

anthracene•+ or acridine•+ are from one of the outer rings.
Dyakov et al. performed extensive ab initio calculations on
C2H2 loss from the naphthalene radical cation C10H•+8 [38].
They identified three possible pathways for removing C2H2,
two of which led to benzocyclobutadiene•+, which has a four
carbon ring. The third led to phenylacetylene•+, which has an
open ring, and it was this pathway that had the overall lowest
barrier in their calculations [38]. Therefore we used the struc-
tures corresponding to this third pathway as input parameters to
search for similar reaction pathways in anthracene•+. The po-
tential energy profile obtained from these calculations is shown
in figure 4. The reaction is initiated by a hydrogen from an outer
ring shifting two steps to a non-hydrogenated carbon, forming
structure 8. This allows for the outer ring to open up via the
transition state (TS) between structures 8 and 9, TS8-9, and
bud off a C2H2 unit via TS9-10, which is removed from the
parent molecule through the metastable ion-molecule complex
10, forming the final product of 2-ethynylnaphthalene•+ (11).
The highest barrier along this reaction pathway is TS8-9 with
4.99 eV.

A similar pathway exists for removing C2H2 from acridine•+,
as illustrated in figure 5. It also begins with a two-step hydrogen
shift to a previous hydrogen free carbon shared by two rings,
followed by a break in the outer ring and removal of a C2H2
unit. However, a difference exists in that acridine is not sym-
metric along a plane perpendicular to the plane of the molecule
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Figure 5: C2H2 elimination from an outer ring in the acridine cation, yielding
3-ethynylquinoline (16).

and located along the center of its long axis. A mirrored path-
way is thus possible where the hydrogen shifts to the other ring-
shared carbon and consequently breaks the bond at a carbon lo-
cated two steps away from the nitrogen instead of a neighboring
one. We found the largest barrier for this alternative pathway to
lie 0.12 eV above the largest barrier in figure 5, TS13-14. This
is not an surprising result considering that the larger electroneg-
ativity of nitrogen compared to carbon would exert a larger at-
traction of the electrons in its vicinity, thereby weakening the
double bond character of bonds to its neighboring carbons. We
have not computed the alternative pathway for removing C2H2
that leads to a cyclobutadiene-like state in the outer ring, as it
probably has a larger barrier as in the case of naphthalene [38].
The reaction pathway in figure 5 therefore is the one with the
overall lowest barrier, the value of which is 4.83 eV above the
ground state of acridine•+. Here 3-ethynylquinoline (16) is the
end product.

4.2. C2H2 Loss from Anthracene•+ Following Isomerization

Figure 6 shows one possible reaction pathway for eliminat-
ing C2H2 from anthracene•+ via the phenanthrene•+ isomer. It
is, just as the the previously mentioned pathway for removing
C2H2 from an outer ring, initiated by a hydrogen shifting two
steps to a previously unhydrogenated ring shared carbon. The
difference in this case is that the hydrogen originates from one
of the center ring’s carbons. Structure 18 then allows for the
bond to the outer ring at the site of the hydrogenated carbon
to be broken, and consequently the outer ring to shift posi-
tion via TS18-19, the spiro structure 19, and TS19-2 to form
phenanthrene•+. The barrier for TS19-2 is very low, differing
from the preceding minimum only at the second decimal. In
other words the ring shift proceeds quite easily once it has past
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Figure 6: C2H2 loss from the anthracene cation (1) forms a biphenylene cation (6) product via an intermediate phenanthrene cation (2) structure.
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Figure 7: C2H2 loss from the phenanthrene cation (1). The product is the acenaphthylene cation (5), formed via a cyclohepta[de]naphthalene cation (27) intermediate
structure.

its first barrier TS18-19. This mechanism for changing isomer
from anthracene•+ to phenanthrene•+ is similar to the one pro-
posed for the transformation of phenanthrene to anthracene on
catalytic surfaces [39].

Phenanthrene•+ (2) is able to contract and bend to a Dewar-
benzene-like state in the central ring (20) via transition state
TS2-20. From here the first C-C bond is broken via TS20-21 to

21, and the second C-C bond is broken via TS21-22, forming
the ion-molecule complex 22, which is 0.46 eV lower in energy
than the final products biphenylene•+ (6) and C2H2.

Instead of releasing C2H2 from phenanthrene•+ the isomer-
ization process can continue with one additional ring shift to
form cyclohepta[de]naphthalene•+ (27) as is shown in figure 7.
This process is also initiated by hydrogen shifts. One hydro-
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structure.

gen is shifted from an outer ring carbon to a previously non-
hydrogenated carbon shared between the two other rings, form-
ing 25. The outer ring opens up via TS25-26, proceeds to the
spiro compound 26, and forms cyclohepta[de]naphthalene•+

(27) via TS26-27. From here the large 7C ring is able to con-
tract via TS27-28 to 28, after which the first C-C bond is broken
to form 29 and the second to form the ion-molecule complex 30,
leading to the final products of acenaphthylene•+ (5) and C2H2.
The second ring shift to cyclohepta[de]naphthalene•+ has a bar-
rier hight of 4.95 eV, which is similar to the first ring shift, and
constitutes the largest barrier for this second reaction pathway.

The processes just described show how biphenylene•+ and
acenaphthylene•+ can be formed from an initial anthracene•+

during release of C2H2 via isomer intermediates. They
serve to illustrate that isomerization from anthracene•+ to
phenanthrene•+ and cyclohepta[de]naphthalene•+ are compet-
ing processes to C2H2 elimination. These calculations also in-
dicate that acenaphthylene•+ formation has a lower barrier than
biphenylene•+ formation. It is worth pointing out that due to the
complexity if the potential energy surface other reaction path-
ways leading to the same products may exist as well. The pur-
pose of the ones presented here has been to provide plausible
mechanisms without an excessive number of reaction steps.

4.3. HCN Loss from C13H9N•+ Following Isomerization

The strong channel of C13H9N•+ dissociation through elim-
ination of HCN is well known through detailed experimen-
tal studies [22], and though our experiment does not allow
us to determine the exact elemental composition of the de-
tected fragments, the similarities between our spectrum and
that of Acheson et al. [22] leads us to believe that HCN is a

prominent dissociation channel in our experiment as well (cf.
above). Figure 8 provides a plausible mechanism to remove
HCN from C13H9N•+. It resembles the one for removing C2H2
from anthracene•+ via a phenanthrene•+ intermediate and with
a biphenylene•+ end product as discussed in the previous sec-
tion. The steps in the change in isomer are in fact the same,
except that the energies are shifted to slightly lower values.
Once the phenanthridine•+ (4) isomer has been formed, HCN
can be removed from the center ring and the path for doing so
is more direct, with one less transition state, compared to the
corresponding phenanthrene•+ reaction. It is the lack of a hy-
drogen bonded to the nitrogen that allows for an immediate for-
mation of a straight HCN chain in 34 following TS4-34. From
here the HCN can detach via TS34-35 and the ion-molecule
complex 35. The C-N bond is the one that requires the most
energy to break with a barrier hight of 5.27 eV.

4.4. Connection to Mass Spectra

A summary of the three different C2H2 elimination path-
ways presented in this study for anthracene•+, together with the
highest associated isomerization and elimination barrier, is pre-
sented in figure 9. It clearly shows that from an energetics point
of view acenaphthylene•+ is the favored end product. Unfortu-
nately the present experiment does not allows us to determine
the energy transferred in the collisions and therefore it is not
possible to use the calculated reaction pathways for any quan-
titative conclusion regarding what isomer is formed. However,
the presence of a fragment peak at m/q = 151 that is stronger
than the one at m/q = 152 suggests that the energy transferred
in the collisions is sufficient to allow for two step processes,
i.e. 1H loss followed by C2H2 loss or vice versa. In recent
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Figure 9: The relative energies of the three C14H•+10 isomers and the three prod-
ucts following C2H2 loss, together with the highest associated barrier.

experiments using 30 keV He2+ ions in collisions with neutral
anthracene molecules, very similar distributions were measured
for the C10H6, C10H7, and C10H8 peaks [40]. These studies also
included calculations on the electronic stopping and found it to
be 45.8 eV. And even though they determined double electron
capture processes to also influence their fragment distribution,
it does not seem to affect these three peaks to any large extent
considering that Holm et al. obtained a very similar looking
distribution with a 22.5 keV He+ projectile [33]. The 45.8 eV
should therefore serve well as a lower limit for the energy trans-
ferred in the present experiment. At these energies it is evident
that all three fragmentation pathways are accessible and may be
present as products in the spectrum.

Figure 10 shows a summary of the calculated C2H2 loss and
HCN loss pathways for acridine•+ together and the highest as-
sociated isomerization and elimination barrier. It shows that
the loss of C2H2 is in close competition to the isomerization
to phenanthridine•+, and the barrier for HCN loss is only 0.44
eV higher. It is reasonable to assume that similar energies are
transferred in the experiment in this case as for anthracene•+.
Therefore multi step processes should play important roles here
as well. Indeed, the observed large probability for the loss of
one hydrogen from [C13H9N]+ (not shown in figure 10) prior to
the formation of the n = 11, 12 and 13 fragment groups prove
that fragmentation in multiple steps do occur. For this reason it
seems reasonable that the peak at m/q = 152 should not only
represent biphenylene•+ (HCN loss), but also include contribu-
tions from 3-ethynylquinoline•+ (C2H2 loss) minus H.

5. Summary and Conclusions

We have carried out collision induced dissociation experi-
ments on the anthracene radical cation and protonated acridine
in collisions with a Xe gas target. Focus has been on the C2H2
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Figure 10: The relative energies of the two C13H9N•+ isomers and the products
following C2H2 or HCN loss, together with the highest associated barrier.

and the HCN loss channels for which we have explored the po-
tential energy surface with the use of density functional theory
calculations. The loss of C2H2 is a prominent fragmentation
pathway for anthracene•+. With our calculations we have ob-
tained three fragmentation pathways for the loss of C2H2 from
anthracene•+. The first forms 2-ethynylnaphthalene•+ through
release of C2H2 from one of the outer rings. The second
forms biphenylene•+ via the phenanthrene•+ isomer. And the
third forms acenaphthylene•+ via an additional isomerization to
cyclohepta[de]naphthalene•+. Of these three pathways the third
one has the overall lowest reaction barrier and should therefore
dominate near the appearance energy for C2H2. All three path-
ways rely on hydrogen shifts within the rings to enable C-C
bonds to be broken. The spectrum of the present experiment
however contain elements that indicate that significant energy
has been deposited in the collision. Comparison with other
work suggests a lower limit 45.8 eV deposited energy. Our
spectrum should for this reason include products from all three
fragmentation pathways.

For [acridine+H]+ the fragments observed in the mass spec-
trum all seem to be stem from processes with at least two steps,
where the first step is the loss of a neutral H from the N site.
For the resulting acridine•+ ion we have presented calculations
on pathways for how to loose C2H2 and HCN. C2H2 can be
released directly from an outer ring, while HCN loss requires
an isomerization to a phenanthridine •+ intermediate structure.
The C2H2 loss channel has the overall lowest barrier, but as
similar energies are deposited as in the case of anthracene•+,
both fragmentation channels should be well within reach here
and should be reflected in the measured spectrum.

Studies of the C2H2 loss mechanism, such as the one pre-
sented here, are also important for the understanding of the
C2H+2 loss mechanism, which may determine the ultimate sta-
bility limit for multiply charged PAHs [21].
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