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Preface

This thesis is based on results from experiments conducted while in
the group of Steen Brgndsted Nielsen at Aarhus University, between
the years 2012 - 2016. Most of the results obtained during my PhD
has already been described in detail in published peer-reviewed
papers; these are included at the end of the thesis. The focus of this
thesis has therefore mainly been on describing the technical aspects
of the experimental work, and on drawing an overall conclusion
based on the collected experimental results. I was recently involved
in the design and construction of a new experimental setup for
luminescence detection from gas phase ions. A detailed description
of the experimental setup will be given, and a few experimental
results will be discussed. During my PhD, I have spent a lot
of time in the laboratory optimising the experimental workflow
and furthered the development of the experimental hardware and
software. In order to illustrate my involvement in the development
of the different experimental setups, a small description highlighting
certain aspects of my contributions can be found in the appendix.
I have contributed to papers that do not touch upon the subject of
ion-solvent interaction, these papers will therefore only be listed in
my published work, and not touched upon further.

With all this being said, I hope you will enjoy reading my thesis
and the learning experience that it aims to deliver.

Jorgen H. Houmgller
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CHAPTER ].

Introduction

Absorption of visible light by molecules plays a fundamental role
for life on earth. Many molecules that absorb visible light are
highly m-conjugated. m-conjugation means that the electron density
is distributed across a relative large portion of the molecule i.e.
over multiple sp?-hybridised atoms. The light absorbing parts of
these molecules are called chromophores. Chromophores are found
in many different biological systems, they are responsible for the
green colour of leafs, the orange colour of carrots, the red colour
of our blood and the green light emitted from insects like the
firefly to name a few cases. Perhaps the most critical example
of the importance of biochromophores is seen in photosynthesis.
In photosynthesis solar energy is harvested by plants through the
chlorophyll chromophore and the energy is used to produce sugar
and oxygen from carbon dioxide and water. Another example of
the importance of light absorption, is the shift from cis to trans
configuration of the Retinal chromophore. This structural change
is part of the visual cycle, that enables us to see. Biochromophores
are in nature often part of bigger systems of multiple absorbers
or in an interplay with specific surrounding molecules or proteins.
The central role of the biochromophores in nature, has naturally
inspired a lot of interest in the scientific community as a whole. The
study of biochromophores is a highly multidisciplinary endeavour
including both theoretical and experimental work from the fields of
biology, chemistry and physics.
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The study of the bare chromophores extracted from their natu-
ral environment reveals intrinsic properties of the individual chro-
mophores. These studies are enabled by gas-phase spectroscopy
techniques, that allow the study of the bare chromophores as both
ionic and neutral species[1-4]. Isolated chromophores have been
studied in great detail, both experimentally and theoretically[5-18].
In recent years computational power has increased, enabling the
use of high accuracy quantum chemistry calculations on biological
systems[19, 20]. Combining experimental results with quantum
chemical calculations can give previously unknown insights into
the actual mechanisms in play for the different systems. Com-
paring the studies of the unperturbed chromophores to the ones
conducted on the chromophores in solution phase reveal information
about the perturbing nature of the specific solution. Since many
bio chromophores in nature exists in protein pockets[21-23], their
actual natural environment might be some place in between gas
phase and solution phase, where effectively only few interactions
with the environment are of importance. Only a few studies have
investigated the effects of single solvent molecules on the photophys-
ical properties of biochromophores, and these studies has focused
on specific chromophores and not the overall effect of a solvent
molecule[24-28].

The aim of this PhD study has been to experimentally investi-
gate the effect of micro solvation of ionic chromophores by single
solvent molecules on the transition energies of the chromophores.
Knowledge about the perturbing effects of single solvent molecules is
an important piece in understanding the effects of the local environ-
ment on the biochromophore systems, where single water molecules
or amino acid residues might interact with the chromophore in the
protein pocket. More specifically a model system of nitrophenolates
has been studies in order to limit the level of complexity of the
system. The knowledge gained from the model system is then
used to understand the specific perturbing effects of single solvent
molecules on bigger biological chromophores.

Absorption spectroscopy is usually used to reveal the absorption
energies of chromophores in solution. Here the fraction of incident
light absorbed by the solution is used to calculate the absorbance
of the system. This works well for chromophores in solution where



the concentration of absorbers is fairly high. Regrettably, the use
of normal absorption spectroscopy, when dealing with molecular
gas phase ions, is difficult due to the low ion densities achievable.
Instead of normal absorption spectroscopy, a technique called Ac-
tion Spectroscopy is utilized for obtaining the absorption spectra
of the different chromophores presented in this study. Action spec-
troscopy is the correlation between some action and the wavelength
of absorbed light by the gas phase chromophore ion. For the data
presented in this thesis, the action monitored is mostly fragmenta-
tion. When the chromophore absorbs light a photoactive electron is
excited. The system then returns to the electronic ground state by
internal conversion, to a vibrational excited state. To release the
excess energy the chromophore can fragment and thereby release
the specific binding energy of the broken bonds. In some cases,
the excited electron is detached as either direct emission or ther-
mal emission from a vibrational hot ground state. In these cases
the depletion of the parent signal is monitored as the action. A
home-build sector mass spectrometer called separator 1 (SEP1) is
used to measure the action spectra of the bare ionic chromophores
and their solvent-complexes. The details of the SEP1 setup will be
described in the following chapter.

In addition to fragmentation and electron emission, photon
emission (luminescence) is another important relaxation mecha-
nism for excited chromophores. An instrument like SEP1, which is
based on charged particle detection, is "blind" to this channel. In
order for action spectroscopy to reveal the total absorption of the
chromophores, it is assumed that photon emission from the excited
state is constant over the wavelength region of absorption, or not
present at all. In order to measure the actual luminescent proper-
ties of biochromophores, a new experimental setup (LUminescence
iNstrument in Aarhus, LUNA) has been build. As of writing this
thesis, no results related to the effect of micro solvation has been
achieved at LUNA, but a general description and motivation for the
setup will be given in chapter 3 on page 19.






CHAPTER 2

Experimental Setup - sepl

In this chapter the experimental setup SEP1 is described.

Bending magnet

Acceleration

Electrostatic tube

analyser

Detectors High Voltage

» platform and
lon source

Figure 2.1: Tllustration of the sector mass spectrometer named SEP1.
Tons are produced in an electrospray ion source mounted on a high
voltage platform, which is raised to 50kV for ion acceleration. The
parent ion is selected by its mass to charge ratio in an electromagnet.
After laser excitation, the ions may dissociate and a channeltron detector
detects the number of a specific of fragment ion selected by an electro
static analyser.
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2.1 Overview

SEP1 is an accelerator mass spectrometer (Figure 2.1 on the pre-
ceding page)[29-34]. Magnetic and electric fields are utilized to
select and analyse ions and fragment ions. The first section of the
instrument is the ion source. The ion source currently installed
is an electrospray ion source. In the next section of SEP1, the
ions are accelerated by en electric field gradient over the distance
of approximately one meter. Normally the ions are accelerated
to a kinetic energy of 50keV per charge. The ions of interest are
then separated according to their mass over charge ratio by an
electromagnetic field. In the long straight path from the magnet to
the electrostatic analyser (ESA), the ions can interact with a laser
pulse. An electric field is utilized in the ESA for separating ions
based on their kinetic energy to charge ratio. After the analyser, a
channeltron detector is used to count the number of fragment ions.
A new detector-section was added to SEP1 in April of 2016. The
new section houses a detector that enables SEP1 to monitor the

yield of neutral fragments, which are not effected by the electric
fields in the ESA.

2.2 Ion source

As mentioned before, the ion source at SEP1 is an electrospray
ion source[35]. Electrospray ionization was invented in the late
1980s as an effective way of transferring large fragile biomolecules
into the gas phase[36]. A detailed description of the theory behind
electrospray is outside the scope of this thesis, and only the resulting
effects and an overall description will be given in the section below.
A schematic representation of the ion source at SEP1 can be found
in Figure 2.2 on the next page.

A syringe pump pushes solution through an electrospray needle
at a constant flow of the order of plmin~!. A high voltage is applied
to the needle, which ensures that the droplets are highly charged
when leaving the needle. The low pressure in the first chamber and
the potential difference between the needle and the heated capillary,
draws the droplets through the heated capillary, where the solvent
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Figure 2.2: Tllustration of the electrospray ion source. A needle with
a high voltage applied, followed by a heated capillary transfers the ions
into the gas phase. The generated ions are focused through a skimmer
by a tube lens. The ions can be stored in the octopole or in the linear
14-pole ion trap before acceleration. When ions are stored in the linear
ion trap, helium buffer gas i used to cool down the ions.

is evaporated. The surface charge makes the droplets coulomb
explode when sufficient solvent has evaporated. After several cycles
of evaporation and coulomb explosions bare ions are left.[37, 38] The
output of the heated capillary is displaced a bit off center compared
to the skimmer entrance. The off center shift minimizes the number
of neutral solvent molecules entering the octopole. A tube lens
focuses the ions through the skimmer and into an octopole. The
octopole and the first lens package is used to guide the ions into the
14-pole trap. The octopole can additionally be used as a reaction
chamber where ions undergo reactions with solvent molecules. A
small tube is placed around the octopole, and a small nuzzle directs
the solvent vapour into the octopole (Figure 2.3). The ion picks up
solvent molecules through collisions in the octopole. To maximize
the number of ion-molecule reactions, the ions are trapped in the
octopole with the first lens in the lens package acting as an end-
electrode of a trap, effectively transforming the simple octopole into
an ion trap. After passing the octopole and the first lens package,
the ions enter a 14 pole ion trap (Figure 2.4 on the following page).
Through collisions with helium buffer gas, the trap can store and
cool the ions to room temperature. After the ion trap, the ions are
accelerated to kinetic energies of 50keV and then steered into the
mass over charge selecting magnet.
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Figure 2.3: Illustration of the octopole used at SEp1. (a) Octopole.
(b) Octopole with solvent vapor chamber.

Figure 2.4: Tllustration of the 14-pole trap installed at sEP1. (a)
The trap chamber with BNC connectors and buffer gas inlet. (b) A
side-cut view of the trap chamber, showing the einzel lens and ion trap.
(c) Illustration of the actual ion trap. (d) The bare 14 pole ion trap.
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2.3 Ion separation

The Lorentz force describes the acting force on an ion by electric
and magnetic fields:

F =q¢(E+v xB), (2.1)

where ¢ is the charge of the ion, E is the applied electric field, v is
the velocity of the ion and B is the magnetic field.

Only the v x B term is applicable in the electromagnetic field
in the ion-separating magnet. The cross product in Equation 2.1 is
always perpendicular to the velocity of the ions; hence, the kinetic
energy of the ions remains unchanged. The equations for the kinetic
energy, the centripetal force and the magnetic Lorentz force, can be
equated to express the required mass over charge ratio for passing
the magnet at a specific magnetic field strength:

2,.2
mo_ B_T’ (2.2)
q 2V
where 7 is the radius of the bending magnet and V' is the acceleration
voltage. Equation 2.2 indicates that only ions with a specific mass
over charge ratio follow the circular path of the magnet at a specific
strength of the magnetic field , effectively removing all other ions
from the ion beam.

In the ESA (Figure 2.5 on the next page), a perpendicular
electric field bends the trajectory of the ions.

By equating the electric field part of the Lorentz force, with the
centripetal force for the circular movement through the analyser, a
measure for the required electric field strength is obtained:

=" (2.3)

where K is the kinetic energy of the ions and R is the bending
radius. The potential difference between the two analyser-plates
(assumed parallel) can then be calculated.

 2Kd

—F.d="1"- 2.4
4 e (2.4)
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Figure 2.5: Illustration the electrostatic analyser used for fragment
ion selection at SEP1.

where d is the distance between the two plates. At SEP1 the
distance between the analyser plates is 16 mm and the center radius
is 154.5mm. This combined with a kinetic energy of the ions
of 50keV results in a potential difference of 10.4kV. To acquire
a zero-potential region between the plates, the applied voltages
are +5.18kV. The zero potential center of the analyser prohibits
the high potentials on the analyser plates from accelerating or
decelerating the ions, and thus changing the kinetic energy when
entering the analyser.

2.4 Detection

As mentioned at the beginning of this chapter two detectors are
currently installed at SEP1. Detector 1 is the channeltron detector
sitting in the electrostatic analyser and Detector 2 is the SED
detector after the electrostatic analyser, see Figure 2.6 on the facing

page.

2.4.1 Detector 1

Detector 1 is a single channeltron detector, also known as a Chan-
neltron Electron Multiplier (CEM). An illustration of the installed
CEM can be seen in Figure 2.7 on page 12. The CEM has a high
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detector 2

charged fragments

detector 1

Figure 2.6: Visualising the detector placements at sepl. (The
illustration uses an old design of the SED detector.)

surface resistance, so that when a high positive potential is applied
between the front and the back of the CEM, a continuous dynode
is formed through the detector. This dynode acts as an electron
multiplier, since secondary electrons are emitted, when primary
particles with sufficient kinetic energy collide with the surface. The
applied positive potential forces the electrons to travel down the
tube and thereby collide multiple times with the surface of the
CEM. This process results in an avalanche of electrons, which gives
rise to an output current pulse of a few mA. In order to measure
this current pulse on the anode of the detector, which has a high
voltage potential applied, a small high voltage capacitor circuit is
added, see Figure 2.8 on the following page. The capacitor ensures
that the high voltage potential is not superimposed on the signal
generated by the current pulse on the capacitor. The capacitor
further transforms the current pulse to a potential pulse, which is
then measurable by other electronics.

The output from the CEM is reshaped and amplified in a timing
filter amplifier. The signal from the timing filter amplifier is then
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o)

1
|
(a) (b)

Figure 2.7: (a) Illustration of the CEM at sgpl. (b) Illustration of
the working principal of the CEM. The grading through the channel
illustrates the cascade of secondary electrons created. The potential
difference over the CEM is 2.5kV. [Illustrations are based on figures
from the CEM user manual]

10 MQ
2.4kVo —"\/\/\,\—— CEM Back

1 MQ
1pF

Signal o I I . o Anode

Figure 2.8: Circuit used for potential control and signal extraction
for Detector 1. The 2.4kV is applied to the back of the CEM, in
addition to —100V applied to the front (not shown here). This small
negative potential prohibits low kinetic energy electrons from entering
the detector.

transferred to a discriminator, which outputs a NIM or TTL pulse
when triggered. At the end a computer basically counts the number
of output pulses from the discriminator. The signal at all three
stages can be seen in Figure 2.9 on the next page.

There are two main types of discriminators, the leading-edge
discriminator and the constant fraction discriminator (CFD). The
leading edge discriminator is the simplest. It outputs a signal
when the input signal reaches a defined threshold (Figure 2.10(a)
on the facing page). If the height of the input signal varies, the
leading-edge discriminator will introduce a time walk. When using
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\’ v 40 mV

\/\/ 3V

g

0 time (ns) 200

Figure 2.9: Illustrating process for signal preparation for counting
at SEP1. Three signals are shown. The top signal is the output from
the capacitor circuit shown in Figure 2.8 on the preceding page. The
center signal is after the timing filter amplifier and the bottom signal
is the output of the CFD to be counted.

VA

_/ k
Time Walk IV

time time

(a) (b)

Figure 2.10: Illustrating the time of triggering from two peaks with
different peak heights by the use of a (a) leading edge discriminator
and (b) a constant fraction discriminator. The time of triggering is
indicated by circles.

a CFD, the input is split into two identical pulses. One of the pulses
is attenuated, delayed and inverted. The sum of the altered and
the unaltered pulses gives rise to a zero-crossing at the same time,
regardless of the input peak height (Figure 2.10(b)). This zero-time
walk property can be important for time-of-flight measurements,
where high time resolution is required. Since high accuracy on the
timing information is of no importance for the experiments carried
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out at SEP1, the CFD is used as a simple leading edge discriminator.
The output from the CFD used at at SEP1 is a fast NIM pulse with
a rise time of 2 ns.

2.4.2 Detector 2

It is only possible to monitor the yield of individual charged frag-
ments using the ESA and detector 1. In the special cases where
electron emission is one of the dominant deexcitation channels, one
needs to measure a depletion of the parent ion beam, when using
the ESA and detector 1. Depletion signals are often very difficult
to measure, since the depletion signal is usually on the same order
as the fluctuations in the parent beam. When a singly charged ion
fragments or an anion detaches an electron, a neutral species always
remain. This neutral is not affected by the electrostatic potential
of the ESA, and will pass right through the analyser, with a high
kinetic energy. This high kinetic energy neutral molecule can be
detected by what is called a secondary electron detector (SED).

The SED at sepl (Figure 2.11 on the facing page)[39] is com-
posed of a glass plate, coated with indium tin oxide. Indium tin
oxide has a work function of approximately 4.5 eV[40], is highly con-
ductive and transparent. These properties make indium tin oxide
a good coating for secondary electron generation for this detector.
The coating needs to be conductive since applying a negative poten-
tial on the glass plate can help in guiding the generated electrons.
The coating furthermore needs to be transparent for laser light to
pass through it. When a particle with high kinetic energy is indent
on the coated glass plate, an electron can be emitted from the
surface. This secondary electron is guided towards a channeltron
detector by the applied electric field. The output pulses of the
channeltron detector are counted as previously described.

In principal this detector can detect the full action spectra (dis-
regarding photo emission) in one go. In the current configuration
however, it is mostly useful for ion-current stability measurements,
and special cases where electron detachment plays a significant role.
Since the detector sits directly in the path of the neutrals from the
parent beam, a fast channeltron is needed for high accuracy mea-
surements. The SED was first tested on the p-benzoquinone anion,
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e

Figure 2.11: Illustration of the secondary electron detector at SEP1.
The electron emitter is a coated glass plate, and the detector is a
channeltron detector. High energy molecules hit the glass plate which
releases electrons. These electrons are guided by a perpendicular electric
field (Glass plate potential approximately —100 V) and focused by the
small apperature (grounded) towards the channeltron detector.

which predominately deexcite by electron emission. The result of
the SED measurement compared to the depletion measurement can
be seen in Figure 2.12 on the next page. From these data it is clear
that for certain experiments, the SED has some clear advantages.

2.5 Experimental scheme

The ion injection rate at SEP1 is 40 Hz while the repetition rate
of the lasers are 20 Hz. This difference between the injection rate
and laser repetition rate, makes it possible to continuously measure
the "laser on” minus "laser off” signal 7.e. the actual laser-induced
signal. The laser-induced signal is normalized to the ion beam
intensity (when possible) and the number of photons at the specific
wavelength. The number of photons is proportional to the laser
power multiplied by the laser wavelength. The relative cross section



16

Chapter 2. Experimental Setup - SEP1

Energy [eV]
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Figure 2.12: Action spectra from the first test of the SED on the
p-benzoquinone anion. (a) Depletion measurement. (b) SED measure-

ment. For both measurements the running average is superimposed as
the red solid line.
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for photon absorption is calculated by the use of

S—B

B- (Plaser ) )\)n’
where S is the "Laser on” signal, B is the "Laser off” signal, Pj,scr is
the laser power measured at wavelength A and n is the photon order
i.e. the number of photons required to be absorbed before the ion
fragments. Equation 2.5 assumes that the absorption cross section
is a constant after absorption of the first photon. This assumption
is clearly only an approximation, which is why two-photon processes
are inherently difficult to analyse.

The full action spectrum is the weighted sum of the action
spectra of the different fragmentation channels. To find the frag-
ments of interest, a scan of the analyser voltage is performed. The
power-dependence (fragmentation as a function of laser power) is
measured for all significant fragments to determine the photon order.
If the yield of fragmentation increases linearly with laser power, the
photon order is one, and so on.

(2.5)

2.6 Shortcomings of SEP1

There are two major disadvantages of SEP1. The first disadvantage
is the lack of luminescence detection, which we have taken care of
by building a stand-alone luminescence setup LUNA. The second
disadvantage is time frame for fragmentation detection. The short
ps time frame can lead to what is know as a kinetic shift. Kinetic
shifts occur when the dissociation time changes with wavelength,
and the time window for measurements is too short to measure
all fragmentations illustrated in Figure 2.13 on the following page.
This can be understood on the basis of a fragmentation process with
an activation energy FE,. If the Arrhenius expression is applicable
for calculating the rate constant|[41], then the rate constant for
dissociation can be described as:

ko, =A-exp(—E,/kT)), (2.6)

where A is a pre-exponential factor and 7} is the effective tempera-
ture of the molecule after absorption of n photons. The effective
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Figure 2.13: Kinetic shift illustrated. This plot shows the dissoci-
ation as a function of time, after absorbing a red photon (long decay
time) and a blue photon (short decay time). The measurement time
frame captures nearly all the dissociation after absorbing a blue photon,
but only detects a fraction of the dissociation after absorbing a red
photon.

temperature is dependent on the absorbed photon energy[42]. Ab-
sorbing a red photon results in a "cold” ion with a long lifetime
and absorbing a blue photon results in a "hot” ion with a short
lifetime. At SEP1, the dissociation time window is limited to a few
ps, which could result in a discrimination towards high energies, as
absorption of a high-energy photon results in faster dissociation, .
In order to avoid misinterpreting the data due to kinetic shifts, one
could measure the dissociation at a storage ring facility or from a
trap, where the experimental time windows is much longer.
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Luminescence is relaxation by light emission. Luminescence is
categorised in two categories: fluorescence and phosphorescence.
Fluorescence is a fast processes, where the deexcitation happens
between two levels of equal multiplicity. Fluorescence happens on
the time scale of 1ns to 100ns. Phosphorescence happens when
the levels has different multiplicities e.g. between a singlet and a
triplet state. The classically forbidden transition results in a slow
process on the time scale of milliseconds to multiple seconds. When
a molecule is excited into an .9,, state, internal conversion to the S,
state is very fast, few hundred fs to ns. Consequently the excited
molecule has ended up in the first electronically excited state, before
it has hat time to emit a photon. This effect was formulated by
Michael Kasha in 1950 and formally known as Kasha’s rule[43]: The
emitting electronic level of a given multiplicity is the lowest excited
level of that multiplicity, meaning that the emission spectra of a
molecule is independent on the excitation energy. Subsequently,
the emitted photon from luminescence is often shifted to a lower
energy relative to the absorbed photon, this is known as the Stokes
shift.

As described in the last section of the previous chapter, one
of the shortcomings of SEP1, is the lack of luminescence detection.
This particular deexcitation pathway has some very interesting
properties in addition to being another piece in the Action-Spectra
puzzle. Since luminescence basically only takes place from the

19
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lowest electronic excitation, it is possible to study the energy spacing
between three electronic states in one go. This is nicely illustrated
by looking at the potential results from a future experiment done
on chlorophyll dimers.

Chlorophyll is the chromophore responsible for light absorption
by green leafs in the photo synthesis mechanism. The light ab-
sorption and subsequent energy transfer in photosynthesis has a
conversion efficiency of 95 %][44]. This efficiency is clearly much
higher than current state of the art solar cells, which have effi-
ciencies of approximately 40 %[45]. The absorption spectra of bare
chlorophyll ion (ref [46] and paper VI) has been blue shifted al-
most 50 nm compared to cholophyll in a variety of natural protein
complexes[47-50]. It has been argued that the observed blue shift
in transition energy could be an effect of an excitonic coupling
between two or more pigments[51]. An exciton coupling is duo to
the interaction between two or more transition dipole moments.
The interaction results in the formation of two new energy levels,
exemplified by the interaction between two chlorophyll molecules
in Figure 3.1 on the next page, where the two unperturbed levels
iy and ¥%)3, corresponding to an excitation to either the first
chlorophyll molecule or the second, are split into two exciton states
labelled Ut and ¥~. The exciton coupling results in both a blue
shifted and a red shifted level compared to the unperturbed levels.

The absorption of light by bare chlorophyll molecules and by
clusters of two chlorophyll molecules and a charge tag has been
studied in the papers VI and VII. The resultant action spectra
can be seen in Figure 3.2 on page 22. The data shows that the
chlorophyll dimer is red shifted by 23nm (0.07 eV) compared to the
monomer. Aside from the shift in transition energy, the double-
maximum character of the monomer spectrum is not present for
the dimer, the origin of this effect is unknown. The second band
in the dimer spectrum, around 610 nm, might originate from the
higher-lying exciton state, but this needs further investigation.

In a flourescence experiment it might be possible to excite
the dimer with a single £ + AFE photon and then monitor the
fluorescence of E'— AFE photons. If the system fluoresces at F— AFE
then the presence of an exciton coupling has been established.
Studying the chlorophyll dimer by a fluorescence experiment is a
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Figure 3.1: Simple level diagram illustrating an exciton coupling.
The states on the left are the unpertubed states, and the states on the
right are the shiftet exciton states. The exciton splitting AFE is shown.
The exciton structure can be probed by flourescence experiments, where
the system is excited by a £+ AF photon adn flourescence is monitored
for E — AFE photons. For further explanation see text.

long term goal. To reach this goal, a new fluorescence setup has been
built. Since the experimental setup is new, it will be described in
some detail in the following sections. Some experimental results be
will shown, but not discussed in great detail. The details regarding
the individual results can be found in the papers VIII and IX.

3.1 Overview

Even though the fluorescence quantum yields for special laser dye
molecules are near unity[52], it has not been possible to detect
any fluorescent light at SEP1. It is nearly impossible to detect
photons emitted by ions that are moving perpendicular to the
photon-detection at kinetic energies of 50keV. So in order to
study photon emission, it was necessary to build a dedicated setup
for luminescence experiments called LUminescence iNstrument in
Aarhus, in short LUNA. The overall framework of LUNA is based
upon the setups described in ref [53] and [54]. The overall setup is
illustrated in Figure 3.3 on page 23. The ion source is in principal
the same as is SEP1. The only difference is that instead of a linear
ion trap and an acceleration region as present at SEP1, LUNA utilizes
a simple Paul trap[55] to store the ions. Since the ions need to be
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Figure 3.2: Action spectra of Chlorophyll monomers (blue broken
line) and dimers (black points and red running average) for two different
charge tags (a) tetramethylammonium cation, (b) acetylcholine cation.
A clear red shift is seen for both charge tags, but is is difficult to
determin if the shift is a result of an exciton coupling or some other

effect. [papers VI and VII |
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Figure 3.3: (a) 3D illustration and (b) schematic overview of LUNA.
Light emmission from the laser excited ions in the Paul trap is collected
and focused into the spectrometer. The schematic overview is not
drawn to scale.

stationary during the experiment there is no acceleration region in
this setup. The ions will be stored in the trap during laser excitation
and light emission. Laser light will enter the trap from the side
of the setup, and either a photo multiplier or a spectrometer can
detect fluorescence through a mesh-grid which acts as an end cap of
the trap. Since most of the ion source was described in the previous
chapter, only the ion trap and detection setup will be described
below.
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Figure 3.4: Shows calculated electric field gradients using an ideal
quadropole field (Dotted lines) and the simplified design (Full lines) for
two different crossectiopns of the trap. The two figures shows the trap
cut in two different planes.

3.2 Ion Trap

As mentioned earlier, the ion trap in this setup is a simplified version
of the Paul trap. In a Paul trap (3D quadrupole), an RF field creates
a rotating saddle point potential, that keeps the ions centred in the
trap. The original Paul trap uses hyperbolic geometries to optimize
the electric field gradients for ion trapping. The simplified version
of the Paul trap used at LUNA uses a much simpler cylindrical
geometry with planar end caps. This simplification results in minor
changes to the field gradient, but as evidenced by the numerical
calculations shown in Figure 3.4, the effect is only visible close
to the edges of the trap. The simplified design is much easier to
manufacture and the difference in trapping efficiency should be
minimal for our setup, since the ions are entering the trap along z
axis in figure 3.4. In the LUNA setup, one of the end caps has been
replaced by a wire grid. This grid lets the emitted light be collected
at a much larger solid angle than in other fluorescence setups[56-58].
The solid angle for light detection at LUNA is approximately ten
percent.
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Figure 3.5: Crossection view of the simplified Paul trap used at
LUNA. A wire mesh grid acts as end electrode of the trap, allowing
photons to pass through for subsequent detection. The pump laser is
focused throught the hole in the trap cylinder (L = 4mm). The ion
entrance is marked by E (2mm). The trap dimensions r; = 10 mm,
z1 = 9mm, the gap between the cylinder and end-cap electrodes D =
1mm and the axes used for the numerical simulations are defined in
the right-hand view, where the lens and its mounting system have been
removed to reveal the grid.

3.3 Detection

The detection scheme at LUNA is a little different from SEP1, since
we are now detecting photons and not ions. An illustration of the
optical system for light collecting at LUNA can be seen in Figure 3.6
on the next page. The light emitted from the trapped ions is
emitted in all directions. To detect as much light as possible, the
collection lens (an aspheric condenser lens) is placed up against
the grid electrode. The small distance between the lens and the
ions results in a collection solid angle of approximately ten percent.
After the condenser lens the light is collimated and directed through
the vacuum window and a notch filter. This notch filter is a filter
that prohibits transmission (transmits only 107°) of basically a
single wavelength. This filter is used to filter out the scattered light
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(f)

Figure 3.6: Illustrating the light collection in the LUNA setup. (a)
simplified Paul Trap (b) collector lens (¢) vacuum window (d) notch
filter (e) focusing doublet lens (f) photon detector.

from the pump laser. The notch filter is composed of dielectric
coatings which through destructive interference effectively blocks
light at a specific wavelength. The destructive interference is most
effective when light is normally incident on the filter. This is another
advantage of using the condenser lens to collimate the light coming
out of the trap. After the scattered light has been removed, the
light is focused by a 100 mm focus length lens into the photon
detector, which could be either a photo multiplier tube (PMT) or
a spectrometer.

For measuring lifetimes of the excited states by fluorescence,
a PMT can be used in much the same way as the channeltron at
SEP1. A PMT consists of a thin photocatode that releases electrons
when hit by a photon. This electron is then multiplied in a cascade
effect as in the channeltron detector. The output current pulse is
then measured through the same scheme as for the channeltron. A
PMT does not give any information about the color of the photon.
To be able to detect the color of the emitted photon, a spectrometer
is needed.

The spectrometer used at LUNA is an Andor Shamrock SR-
303i spectrometer. The working principal of the spectrometer is
illustrated in Figure 3.7 on the facing page. Photons that enter
the entrance slit are collimated by a mirror onto a diffraction
grating. This grating separates the different colors in space. The
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Figure 3.7: Illustrating the principle behind the spectrometer used
at LUNA. (a) is a simple illustration of the working principle and (b) is
an overlay of a picture of the actual spectrometer used at LUNA.

isolated colors are then focused onto a CCD array for detection
by the refocusing mirror. The charge build up on the CCD array
is measured and the intensity of light as a function of placement
on the CCD i.e. the color of the light, can then be extracted.
The angle of the mirrors and the line density of the grating can
be controlled by the control software for the spectrometer, which
makes it possible to control the resolution and optical range for
the measurement. Likewise it is possible to adjust the speed and
method of which charge is read from the CCD in order to maximise
the reading speed, while still keeping the electric readout noise at a
minimum.

3.4 Mass selection

3.4.1 Mathieu stability diagram

The behaviour of ions in a quadrupole ion trap can be described
by the second order linear differential equation know as the Math-
ieu equation [59, 60]. When written for ion motion in an ideal
quadrupole field, the Mathieu equation is given by
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d*u N

dg?
where, £ = (2t/2 is a dimensionless parameter, with 2 being the
radial frequency of the ring electrode potential, u represents the

x, y and z coordinates and a and ¢ are dimensionless trapping
parameters (when cylindrical coordinates are used)

[a, — 2q, cos(28)|u = 0, (3.1)

—16q€UO
z - 9 3.2
. m(r? + 223)0? (3:2)
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- m(r? 4+ 223)Q2’

where m and ge are the mass and charge of the ion, 2 and V' are the
angular frequency and amplitude of the RF potential, Uy = U —Ugyq
is the difference between the offset potential on the ring electrode
and the potential on the end cap. The trapping parameters for r is
given by a, = —a,/2 and ¢, = —q,/2

The parameters 7y (the inner radius of the cylinder electrode)
and 2y (the distance from the center of the trap to the end-cap)
are defined for the quadrupole ion trap, with hyperbolic electrodes.
Numerical modelling of the simplified cylindrical geometry of our
trap found effective values of rp = 9.2mm and zyp = 8.8 mm to be
appropriate (the physical dimensions of the trap are r; = 10 mm
and z; = 9mm). Using Newton’s law of motion it can be shown
that only ions with certain values of @ and ¢ have stable trajectories
inside the trap. Mass selection is achieved by adjusting U and V
such that only ions of the desired m/z have a and ¢ parameters
within the stability region, i.e. at the peak of the stability region.
In Figure 3.8 on the next page a numerical calculation and an
experimentally obtained stability diagram are shown.

To maximise the number of ions stored in the ion trap, ions
are loaded into the trap at a high-acceptance point of the Mathieu
diagram. When all the ions are trapped (at low mass selectivity)
the RF-DC offset is moved into the mass selecting point, this is
illustrated by the green arrow in Figure 3.8(b) on the facing page.

Due to limitations on the RF amplitude two power supplies are
used for mass selection. A 770 kHz RF supply is used for trapping
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Figure 3.8: (a) Simulated stability region for an ion of 163 amu ion.

The filled circles and open squares represent the simulated stability
region with the end cap electrodes kept at ground potential and at
15V, respectively. Also shown are the two theoretical stability regions,
one for grounded end-caps (solid) and one for 15V potential on the
end cap (hollow). (b) Experimentally determined stability region for
Rhodamine B cations (m/z = 404 amu). This is, to my knowledge the
first published stability diagram measured by luminescence. The white

lines are the stability boundaries for an ideal quadrupole potential.

The green arrow shows the optimal DC pulse for ion accumulation and
subsequently mass selection.
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ion masses below approximately 200 amu, and a 250 kHz RF supply
is used for ion masses above 200 amu.

3.4.2 Numerical simulations

Numerical simulations were carried out to estimate the ion cloud
size and position, and to assist in the selection of trapping parame-
ters. The numerical simulations were performed using the SIMION
8.0 software. All calculations were performed by former Postdoc.
Annette Svendsen. SIMION calculates the electric fields of a given
geometry and uses these fields to simulate how ions with a curtain
distribution of kinetic energies, masses and charge will be effected
by the electric fields for given starting conditions. The full details of
the simulations will not be covered in this thesis, and only the main
parameters and results will be presented. Figure 3.9 on the next
page shows the simulated ion density for ions with mass 163 amu
and 479 amu. The dotted lines in Figure 3.9 shows the dimension
of the laser-entrance hole. From the size of the hole, it is clear that
it is possible to irradiate the whole ion cloud by the pump laser.
Early experiments showed that it was possible to deplete more than
half of the stored ion population with a single laser pulse.

3.4.3 Fundamental frequencies

The trajectory of a single trapped ion with no initial velocity is a
planar motion in the x-y plane, illustrated by the figure of eight
motion depicted in Figure 3.10(a) on page 32. When the trapped
ion has an initial velocity in the x direction, the motion becomes
the well know saddle point motion, illustrated by the trap potential
in Figure 3.10(b).

The motions of the ions in the trap, are 3D figures of eight,
composed of two secular frequencies w, and w,. The following
equations hold for both the r and z components, with ¢, = —q./2
and a, = —a,/2, where a, and ¢, are given by Equation 3.2 on
page 28.

b

1
Wym = <n+§5u)§2 for 0 <n < oo, (3.4)
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Figure 3.9: Panels (a) and (b) show calculated ion densities for
163 amu single charged anions trapped at an RF amplitude of 450V,
RF frequency of 770 kHz and with end-cap potentials of 15 V. Panels
(c) and (d) show calculated ion densities for 479 amu single charged
cations trapped at an RF amplitude of 1000 V, RF frequency of 770 kHz
and with end-cap potentials of —15V. The ion clouds are viewed along
the x (a and c) and z (b and d) axes. The white dashed lines indicate
size of the laser entry hole.
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(a)

Figure 3.10: (a) Trajectory of a single trapped ion with initial
position randomly selected and with no initial velocity. Taken from ref

[61]. (b) Pure quadrupole potential surface for quadrupole ion trap.
Taken from ref. [60].

where () is the RF angular frequency and (3, is a number between
0 and 1, and is given by the simple formula

q2 1/2
Bu = [au + 5’“] : (3.5)

when ¢, < 0.2 and ¢, < 0.4. If this is not the case, 3 has to be
calculated by a continued fraction expansion|60].

52 = q, + q121,
U u 2
(Bu+2)? — au — = q
(6u+4)4_au_ (5u+6)2_au_
+ it (3.6)
(Bu—2)* —au — L. 7
(Bu =) == g

This expansion can be approximated|[62] by
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5 = la, (au — Dz (5au+T7)q,
Y 2(an—1)2—¢2  32(a, —1)3(a —4)

B (9a2 + 58a,, + 29)¢8 1/2 (37)
64(a, —1)%(a, —4)(a, —9)| =

Using the equations above, it is possible to calculate the funda-
mental (n = 0) frequencies for the ion motion in both the radial and
axial dimension for a specific mass to charge ratio. By applying a
small RF potential, of frequency w, o on the end caps of the ion trap,
it is possible to resonantly excite a specific ion mass, and thereby
eject it out of the trap. This resonant excitation can be used for
single ion excitation, time dependent single ion excitation using
a chirp pulse (a single sine function with increasing frequency),
multiple ion excitation using a custom potential time series and
much more. An interesting option regarding mass selection, is
the excitation of multiple frequencies at once. This can be done
by applying the inverse Fourier transform of a specific frequency
structure, which then results in a potential time series containing
all the wanted frequencies. This method is called stored waveform
inverse Fourier transform (SWIFT) ion excitation.

3.4.4 SWIFT

I recently designed and built a SWIFT excitation add-on for the
Paul trap at LUNA. For the sake of reference, a simple guide to
SWIFT calculations for the hardware used at LUNA is given below.
Details regarding the understanding of fast Fourier and fast inverse
Fourier transform as well as general DAC systems are outside the
scope of this thesis, and only the simple steps for calculating the
SWIFT pulse will be given below. For graphical illustration of the
SWIFT pulse generation, see Figure 3.11 on the following page.



34

Chapter 3.

Frequencies to excite

Experimental Setup - LUNA

Phase modulation

> -
= 1 _ 150
& &
€ o 100}
o 05 a
>
£ £ 501
©
T 9 0
0 50 100 150 0 50 100 150
Frequency [kHz] Frequency [kHz]
Magnitude of complex Phase of complex
2 ' - : ' '
@ —
5 =
£ [0}
g 08 g "
T o
o
o 0 ) . . .
0 50 100 150 0 50 100 150

Frequency [kHz]

Frequency [kHz]

Time series - DAC

2 T T T T

—_
T

'
—_
T

Arbitrary amplitude [V]
o

_2— | -
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (ms)

>

2 U

£ ‘ \

[} I

2

C°E’ L M
0 20 40 60 80 100 120 140 160

Frequency (kHz)

Figure 3.11: Illustration of a calculated SWIFT pulse. For cal-
culation details, see text. First row: Specified frequency magnitude
and phase for which to calculate the inverse fourier transform. Second
row: Corresponding magnitude and phase of the complex frequencies.
Third row: Inverse fourier transform of the frequency spectrum. Here
matlab’s inverse fast fourier transform algorithm has been used. Fourth
row: Fourier transform of time series zero padded on both sides to
represent the actual output pulse. This illustrates the actual frequency

spectrum of the SWIFT pulse.
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1. Create frequency and time arrays that fit in resolution and
length to the DAC hardware update rate and buffer. In this
case, the onboard buffer of the DAC card (NI USB-6351 from
National Instruments) has a length of [ =4095 and an analog
output rate of f =2.86 MS/s. The arrays can maximum be [
long. The time resolution is 1/f and the frequency resolution

is f/1.

2. Next, the frequency structure has to be defined. This can
be done in a number of different ways, in this example, a
smoothed step function has been used. It can be seen that a
specific frequency is missing in this example (Figure 3.11 on
the preceding page), this corresponds to the frequency of the
specific ion that we want isolated in the trap.

3. A phase modulation needs to be applied to the frequency
spectrum to produce a SWIFT pulse that is not a sharp peak
at time zero. Here a simple quadratic phase modulation rela-
tion is used. For a more rigorous investigation of magnitude
smoothing and phase modulation the reader is referred to ref.

63] and [64].

4. Create a complex array formed by the magnitude array and
phase array. The complex number should be on the form
ae~® where a is the magnitude and b is the phase.

5. When the complex frequency spectrum has been obtained,
use you favourite software to calculate the inverse Fourier
transform, which along with the time array generated in step
1, is the potential time series that needs to be applied to the
end caps of the trap.

When a SWIFT pulse is used for excitation with mass spec-
trometry in mind, there are many different smaller corrections to
the simple step-by-step above[65]. But for our use, this simple way
of doing it should work just fine. For an overview of the applica-

tions and calculations of the SWIFT pulses the review article by
Shenhen Guan and Alan G. Marshall is highly recommended[66].
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Figure 3.12: User interface of SWIFT generation software in SWIFT
pulse mode. The software has the additional ability to create a SWIFT
pulse with multiple "holes”, and to create an inverse SWIFT pulse,
where you kick out ions in multiple ranges.

The SWIFT method is a new method in our lab (first tried imple-
mented in July 2016) and the effectiveness of the setup has yet to
be determined.

The software used for SWIFT generation and hardware control
is written in LabVIEW. The software user interface is shown in
Figure 3.12 for SWIFT generation and in Figure 3.13 on the next
page for single sine and chirp pulse generation. The current setup
uses a standard DAC for generating the potential waveform, this
is a cheap way of building an arbitrary waveform generator. The
downside of not using a dedicated arbitrary waveform generator is
the update rate. With the current setup, a maximum frequency
of approximately 300 kHz can be generated before the trace starts
to look distorted. With a dedicated arbitrary waveform generator,
with update rates of 400 MS/s this limit is two orders of magnitude
higher. The maximum needed frequency is determined by the RF
frequency of the trap. The maximum frequency to apply in order
to excite the lowest trapped mass is €2/2. When working at the
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Figure 3.13: Other modes of operation: Chirp and reversed chirp
pusle mode used for ion ejection TOF. Single and multiple single
frequency sine functions for single ion ejection.

limit of the frequency range, my concern is that the limitations in
generating a smooth waveform can introduce unwanted frequency
components in the SWIFT pulse, and thereby limit the effect. This
potential effect has yet to be tested in detail.

Since the SWIFT-technique has only just been implemented as
of writing this thesis, only preliminary tests have been performed.
A simple scan of the center frequency of a SWIFT pulse ranging
from 10kHz to 150 kHz, and with a center half-width of 5kHz can
be seen in Figure 3.14 on the following page. The sample probed
is Rhodamine 6G with tap water added, which should result in a
small shift of the emission wavelength due to Rhodamine 6G + salt
complexes. The figure shows the measured emission spectra for
each SWIFT center frequency. The data is presented in a contour
view, where the data is projected onto the wavelength and SWIFT
center frequency axis. The data clearly shows that SWIFT pulses
can be used to excite ions out of the ion trap, while keeping a
specified mass over change stored. Further more, it can be used to
identify the fluorescent species stored in the ion trap. By the use of
Equation 3.2 on page 28, Equation 3.4 on page 30 and Equation 3.7
on page 33, it is possible to calculate the ion mass corresponding
to each SWIFT center frequency. This is shown in Figure 3.15
on page 39. According to the simple gaussian fit, the fluorescent
ion has an mass of 506 amu. This ion mass could be a result of
adding a single copper ion to the Rhodamine dye. The shift in
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Figure 3.14: A scan of center frequency of a SWIF'T pulse (for further
description, see tekst). Projections are made onto the wavelength axis
and center frequency axis.

emission wavelength (518 nm) compared to the bare Rhodamine
6G (504 nm)[67] is 0.07 eV, which is also what is seen when adding
copper to Rhodamine 6G in solution phase[68]. The interpretation
of the experimental results above clearly requires more work before
drawing an actual conclusion, so the simple observations above
should not be taken as from a well conducted scientific experiment,
but more as a curious observation. It is clear that the mass band,
see Figure 3.15 on the next page, is very broad, even when taking
into account the convolution of the width of the SWIFT band center
frequency, the FWHM is still on the order of 80 amu. The mass
resolution can be further enhanced by adjusting the number of
SWIFT pulses, the peak-peak voltage of the SWIFT pulse, and
so on. Overall the SWIFT technique brings some very interesting
options for the LUNA setup. Unfortunately it has not yet been used
for any real experiments, so the true value of the technique and its
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Figure 3.15: Showing the data from Figure 3.14 on the preceding
page projected onto the SWIFT center axis, where the SWIFT center
frequency has been transformed to the corresponding ion mass over
charge. For further details, see text.

possibilities for the LUNA setup has yet to be discovered.

3.5 Data acquisition

As mentioned earlier, one of the greatest advantages of using light
emission to probe the electronic structure of ions, is the simplifi-
cation of the data analysis and interpretation. When analysing
data from SEP1, one has to take into account: the PID fragments
and their relative yield - which often can be difficult to determined
correctly; the power dependence for each fragment ion; ion beam
fluctuations, which often are difficult to monitor; the possibility of
having kinetic shifts and the difficulty in modelling non-coherent
multi photon absorption. At LUNA many of these challenges are
inherently avoided.

Kasha’s rule states that photo emission predominately happens
from the lowest lying electronic state. This means that light emission
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probes the first excited state, while the pump beam absorption can
probe overlying states. This also means, that if the ion absorbs
multiple photons and subsequently dissociate, the signal is not
recorded by the spectrometer since no light is emitted. The number
of ions in the ion trap does not matter, since all emission wavelengths
are measured at once. Furthermore, effects like kinetic shifts are
clearly not an issue when dealing with light emission from ions
stored in a trap. The only aspect one needs to be aware of, is the
transmission coefficients of the optical system, and the detection
efficiency of the CCD camera or PMT as a function of photon
energy. The transmission coefficient of the optical system and the
efficiency if the CCD only varies by a small amount across the visible
spectrum, but the non-reflective coating on the optical elements
can begin to have an actual effect on the detection efficiency of the
system when the emitted light is in the IR range. A correction to
the non-perfect transmission efficiency is easily applied on the basis
of the transmission coefficients for the different optical coatings.

3.6 Control sequence

The trigger timings at SEP1, is used to make sure the laser and ions
overlap in time. At LUNA however, the trigger timings are a little
more delicate. The mass selection mechanism at LUNA can first be
applied when the ions are in the trap, otherwise the DC potential
of the cylinder or the RF on the end caps will affect the efficiency
with which ions are transferred into the ion trap. This means that
we can not continually feed ions into the trap. To overcome this
problem, we have developed a custom control sequence for the
LUNA experiment, shown in Figure 3.16 on the facing page. Ions are
continually filled into the pretrap octopole. The octopole pretrap
empties at T}, where the ions are transferred into the Paul trap.
When the ions have all been trapped, mass selection methods can
be applied at T, = T} + 1 ms. The duration of the mass selecting
step can be varied, it is usually approximately 2 ms for DC mass
selection and approximately 30 ms for SWIFT mass selection. The
laser is fired after mass selection at 75 and the camera is triggered.
The minimum exposure time of the camera is approximately 2 ms.
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Figure 3.16: Timing scheme for the LUNA experiment. Se text for
more detail.

After the picture is acquired, the trap is triggered and emptied.
When triggering the trap, the RF is turned off and the polarity of
the end caps are inverted, which empties the trap of ions. After this
step, the whole sequence starts over. At LUNA, the CCD camera
controls when the ions should be off for background measurements.
This guarantees that the data collection is synchronized with the
trapping sequence, and that light emission always gives rise to a
positive difference signal measurements. In the camera control
program, we set a number of frames that we want taken for both
background and signal. When the camera acquires a background
frame, it sets a Shutter output low. This low output is inverted to
a high output that continuously triggers the ion trap power supply
and no ions are trapped. The software is written to automatically
subtract the background from the actual signal. To make sure that
the trap is triggered normally when taking the actual signal, the
trap-trigger from LabVIEW and the shutter-trigger from the camera
are added as illustrated in Figure 3.17 on the next page.

3.7 Control and analysis software

The control software for LUNA is much simpler than the one for SEP1,
simply due to the fact that, as described before, the fluorescence
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Figure 3.17: Output from LUNA-timing control and shutter output
from camera combined to a single signal for triggering the ion trap at
LUNA.

experiment is much simpler. Aside from CONSYS, there are two
additional critical software components to the to the LUNA control
software. A LabVIEW program controls timing trigger and an
Andor Basic script controls the data acquisition. The triggering
control software controls a PCI-6602 counter card from National
Instruments. The PCI-6602 card has eight internal counters. These
counters are used to create trigger signals of a given length and at
a given delay compared to a so called Master Trigger. The Master
Trigger is set to run at 20 Hz to match the rate of the lasers used.
The other seven counters are used to create triggers for everything
else. The UI of the program can be seen in Figure 3.18 on the
facing page.

The Andor Basic scripted control sequence is structured in the
following way: The basic setup requires the user to input the number
of frames per acquisition x, and the total number of acquisitions
n. After the initial setup the camera takes x frames with the trap
triggered, i.e. a background measurements and x signal frames
with ions in the trap. When this is done, the software updates the
total accumulated signal, and saves the current acquisition to a file
for use in other programs. This sequence is run n times, or until
terminated by the user. When the data acquisition is complete,
another program can be used to generate the final datafile. The
final datafile contains information about the current ion, excitation
wavelength, filter type, CONSYS info, trigger settings and more.
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Figure 3.18: User interface of the trigger software used at LUNA.
The individual triggers can be enabled, disabled and renamed as needed.

3.8 Florescence spectra

The major downside of luminescence experiments on ions in the
gas phase, is the usually low quantum yield for light emission.
Luminescence has to compete with internal conversion vibrational
relaxation and dissociation which for most ions are much faster than
luminescence. The first fluorescence spectra taken at LUNA, was of
laser dyes in the Rhodamine family in December 2015 (paper VIII
[69]). The fluorescence yield is close to 100 % for these ions, which
makes them optimal systems for testing purposes. The quality of
the spectra seen in Figure 3.19(a) on page 45 obtained at LUNA, is
comparable to those reported by others[67], which confirm that the
experimental setup is working.

As of July 2016 the ion with the lowest quantum efficiency
for light emission that we have measured at LUNA, is Nile Blue
(NB) (paper IX [70]) with a quantum efficiency of maybe approx-
imately 10 %[71, 72]. NB has been used as a bio marker in bio-
logical systems[73, 74], and as a benchmark for quantum chemical
calculations[75, 76]. The colour of NB in solution varies greatly
depending on the solvent used, However, the colour does not have
a simple dependence on the polarity of the solvent[76, 77]. The
NB action spectra and emission spectra measured at SEP1 and
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LUNA are shown in Figure 3.19 on the facing page. The spectra
clearly show the beauty of the florescence experiment compared to
the photo-dissociation action spectroscopy experiment conducted
at SEP1. The emission spectrum is much more smooth than the
absorption spectrum, and much simpler to analyse.

There are a couple of reasons why we are able to acquire emission
spectra of low quantum yield gas phase bio molecular ions. The
first, and perhaps must important, is that the solid angle for light
detection in LUNA is an order of magnitude higher compared to
other systems|[53, 58, 67]. Due to the high detection efficiency at
LUNA, it is possible to use low repetition rate lasers. Low repetition
rate lasers (Hz to kHz) are often tunable over a large wavelength
region. 20 Hz tunable nanosecond lasers are currently used at LUNA,
but the setup would work equally good with a high repetition rate
or even a continuous wave laser. The lasers currently used at LUNA
can output from UV to IR, enabling us to probe excitations over a
broad range. The notch filters used at LUNA are positioned outside
of the vacuum chamber, making is easy to change the filter to
accommodate the specific experiment. Looking to the future, the
modular design on LUNA enables the addition of a new cooling
section, which would make it possible to study light absorption of
cold ions. Furthermore, adding a drift tube for ion mobility mass
selection would enable us to study light emission from structure
selected ions.
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Figure 3.19: (a) Emission spectra of Rhodamine 110, Rhodamine
6G, and Rhodamine B cations excited at the indicated wavelengths.
Figure from VIII. (b) Absorption (blue) and emission (red) spectra of
Nile Blue in vacuo. The solid red line is a fit to the emission data. The
vertical lines indicate the absorption and emission band maxima and
their uncertainties. Figure from IX.






CHAPTER 4

Experimental Setup - Light
Sources

Since lasers are an essential part of the current experimental setups
in our lab, the laser systems will be described in some detail here.
In addition to the actual lasers, a description of a sum-frequency
generating laser add-on will be described. Currently two laser
systems are installed in the lab. The two lasers are both EKSPLA
Q-switched nanosecond pulsed lasers, where the laser medium is a
Nd:YAG crystal. Together the two lasers span a wavelength region
from 210nm (UV) to 2300nm (IR). The two lasers are shown
schematically in Figure 4.1 on the next page. The full details of
laser operation are outside the scope of this thesis, and therefore
only a brief description of the working principal will be given|78].

4.1 Stimulated emission

The laser medium used for the two lasers is Nd:YAG (neodymium-
doped yttrium aluminium garnet) crystals. A simplified energy
diagram of neodymium is illustrated in Figure 4.2. The neodymium
is an effective four level system, where the transitions from the
pumped E, level to the E3 level and from the E, level to the E;
are fast and non-radiative, but the transition from Ej3 to E, is
slow in comparison. The difference in the lifetimes of the different

47
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Figure 4.1: (a): Laser 1. (b): Laser 2. Both lasers are Q-switched
nanosecond pulsed lasers. They both utilize an OPO for wavelength
tuning. The main difference between the two lasers is that Laser 1 has
two extra second harmonic generating crystals (SH1 and SH2) used to
generate photons in the UV. [Illustrations copied from laser manual]
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Figure 4.2: Schematic view of the energy levels of neodymium atoms
used for population inversion.

energy levels ensures that when the system is excited by the use
of flash lamps, the excited systems accumulate in the Ej state.
When the E, state is depleted, population inversion is obtained
between E3 and E,. An incoming photon with the right energy can
then stimulate emission of a second photon from the laser medium.
When population inversion is achieved, stimulated emission of a
new photon is far more likely than absorption of the incoming
photon. The stimulated photon has the same energy and phase
as the photon that triggered the emission. If two highly reflective
mirrors are placed on either side of the laser medium, a laser cavity
is created (Figure 4.3 on the following page), where light can bounce
back and forth giving rise to a cascade of stimulated photons. In
order to get the light out of the cavity one of the mirrors transmits
a small percentage of light. This mirror then acts as an output
coupler for the cavity.

The mechanism described above will give rise to a continuous
wave (CW) laser. When an intense laser pulse is needed, the laser
must be driven in pulsed mode. When a laser is pulsed, the average
CW power is concentrated to a pulse length of for instance 5ns,
which dramatically increasing the peak intensity. The EKSPLA
lasers at SEP1 are QQ-switched lasers. Q-switching is the switching
of the quality of the laser cavity i.e. the ability to keep the photons
inside the cavity. In the particular laser systems used at SEP1, a
Pockels Cell and a polariser do the Q-switching, see Figure 4.3 on
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Figure 4.3: Illustration of the laser cavity in the two lasers at SEP1.
[Mlustration copied from laser manual]

the next page. When the quality of the cavity is low, the Pockels
Cell acts as a Quarter-wave plate, and the phase of the linearly
polarized light, is changed by 7 /2 during one round trip. Since the
polarization of the light is turned ninety degrees, the polariser will
now absorb most of the light, and no lasing is achieved. During the
time of low quality, the gain 7.e. population inversion, of the system
increases, only limited by spontaneous emission. This high gain is
transferred into a very intense laser pulse when the cavity quality
is raised. This is done by applying a high voltage (approximately
3kV) to the Pockels Cell, which then acts as a half wave plate,
switching the polarization of the photons by 7 per cavity round trip.
A change in polarization of m results in an effectively unchanged
polarization, which is then transmitted through the polariser and
reflected of the end mirror. When the photons stay in the cavity,
a cascade of stimulated emitted photons are created after a few
cavity round trips, and a laser pulse is emitted.

4.2 Laser timing

The laser timing needs to be controllable, for the laser to be of
use in a pulsed experiment. The triggering mechanism, for the
specific lasers at SEP1, is illustrated in Figure 4.4 on the facing
page. The input trigger pulse is shown in the top frame. When



4.3. Light manipulation 51

IN pulse

Flash lamp pulse

2.9-3.6 kV 4————-

|
)
: HV pulse
! rd
0 | e
| 150-250 us t
I LV [ — |
|
(
i | Optical pulse
1%
0 =
— t
50 ns

Figure 4.4: Laser timing scheme [Illustration from laser manuall.

the input trigger voltage is raised, the power supply capacitors
discharge through the flash lamps and closes the Q-switch. When
the input trigger goes low, the Q-switch is opened and a laser pulse
is generated. The length of the trigger pulse determines the amount
of population inversion reached, and thereby influences the output
laser pulse power. By adjusting the width of the trigger signal, the
laser pulse intensity can be varied, but beyond certain values, the
output of the laser becomes unstable. A typical pump duration is
approximately 300 ps.

4.3 Light manipulation

The Nd:YAG fundamental 1064 nm laser pulse is frequency dou-
bled (1064 nm+1064nm) and tripled (1064 nm+532nm) in two
non-linear Deuterated potassium dihydrogen phosphate (KD,PO,,
DKDP) crystals resulting in a 355 nm laser pulse. This pulse pumps
an optical parametric oscillator (OPO)[79] to generate tunable light
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in the visible and UV range. Since light manipulations by non-linear
effects is of great importance for all the laser systems used at SEP1
and LUNA, an overall explanation is given here.

In our first year physics courses, we learn that polarization
in the dielectric material is linearly proportional to the applied
electric field. This is only true as an approximation. In reality the
polarization is composed of many terms both linear and non-linear,
which comes into play at high electric fields strengths:

P(t) = eo(xXVE(t) + xPE(t) + x\OE3(t) +...), (4.1)

where ¢ is the vacuum permittivity, ™ is the nth order non-linear
susceptibility for the medium. Without going into the details of
the derivation, the non-linear terms in the polarisation leads to the
standard non-liner wave equation:
5 n? 9 1 9% 1

Ve c? (9t2E  goc? (9152P ’ (4.2)
where n is the refractive index of the medium, c is the speed of
light, E is the electric field and PN is the non-linear part of what
is called the polarisation density. This equation show the non-linear
term as a driving force for the electromagnetic waves. One of
the consequences of this is that energy mixing between different
frequencies can occur. By the use of second order non-linearity

P = o PE(1), (4.3)

and an electric field composed of two frequencies w; and w», the
non-linear polarisation will equate to

) . .
PNL _ 50X(2)E2(t) _ ZOX(Q) |:’E1|2€—22w1t + |E2|26—22w2t

+ 2F,) Eye (12t
+ 2, Eye i)t

+ (‘E1|2 + ‘E2|2) e’ + C-C-];

(4.4)

where c.c is the complex conjugate. By inserting an electric field of
two frequencies into the second order non-linear term of the polari-
sation, frequency components of 2wy, 2ws, w1 +ws and 2w —wo arise.
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These frequencies are referred to as second harmonics generation,
sum-frequency generation and difference-frequency generation. The
discussion above illustrates the possibility of mixing different fre-
quencies using non-linear optics, if the applied electric field is strong
enough. The above discussion totally ignores the position and time
overlap of the two components in the electrical field. Taking the
spatial overlap into account, one can realise that in order to have
efficient generation of e.g. frequency w3 = w;y 4+ wsy, the wave vectors
(|ki| = n(w;)w;/c, where n(w;) is the refractive index at frequency
w;) need to match in such a way as to minimize the phase mismatch

n n n
Ak =ky, —ky, — kg, =27 2 - 22— 2. 4.5
3 1 2 <)\w3 )\w1 )\w2 ) ( )
The relationship between the efficiency of e.g. sum-frequency gen-
eration and the phase mismatch is proportional to

n o sinc®(AkL), (4.6)

where L is the length of the crystal. 7 is sharply peaked at Ak = 0.
It is impossible to get phase-matching (Ak = 0. ) in a 'normal’
medium, since the refractive index continuously drops as the wave-
length of light increases. Birefringent crystals are crystals where
the refractive index depends not only on the wavelength, but also
on the polarisation of the light. The crystals used for obtaining
phase matching are usually uniaxial crystals. These crystals have a
special direction named the optic axis. Light with polarisation per-
pendicular to the optic axis has the "ordinary” refractive index n,,
and light polarised parallel to the optic axis has the "extraordinary”
refractive index n.. The ordinary ray will always experience the
refractive index n,, but depending on the direction of the extraor-
dinary ray it will experience a refractive index somewhere between
n, and n.. The effective refractive index for the extraordinary ray
is given by

n(wi)i,on(wi)i

n(w;)2o cos? 0 + n(w;)? sin? 0

ne(w;, 9)2 =

(4.7)

where n.o and n, is the refractive index of the extra ordinary
and ordinary axes in the crystal and 0 is the angle relative to the
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optic axis. Based on the discussion above, by choosing the right
non-linear crystal and calculating the angle for phase matching, it
is possible to generate light of new frequencies.

As mentioned in the begin of this section, the third harmonic
(355 nm) of the fundamental Nd:YAG 1064 nm light is used to pump
an OPO. The specific design of the OPO is based upon the image-
rotating optical parametric oscillator[80], where a high reflecting
355 nm mirror and a image-rotating 180° prism acts as a cavity
for the pump pulse. This technique has been shown to improve
the overall beam quality of the generated signal. The visible light
is generated in two Barium Borate (BBO) crystals. Besides the
obvious doubling of conversion length by using two crystals, it
also eliminates the spatial walk off of only passing a single angled
crystal. The BBO’s generate the effective reverse of sum-frequency
generation, where a single pump frequency is used to generate
two new frequencies, for historic reasons called the signal and the
idler. The signal and the idler is generated with different resulting
polarisations. The signal beam is horizontally polarised and ranges
from 420 nm to 709 nm and the idler beam is vertically polarised
and ranges from 710 nm to 2300 nm, the wanted output is selected
on the basis of their polarisation by rotating a Rochon prism (named
after its inventor Abbé Alexis Marie Rochon 1741-1817). This prism
consists of two birefringent crystal prisms, where the ordinary and
extraordinary rays remain collinear through the first prism, but
upon entering the second prism the extraordinary rays experience a
change in refractive index and is therefore refracted at the interface.
In order to generate UV photons, the signal or the idler can be
frequency doubled again, to generate UV photons in the range
210nm to 354nm and 355nm to 419nm. The output power in
the different wavelength regions can be seen in Figure 4.5 on the
next page as the red curve. From this curve it is clear that the
low power around 700 nm is going to translate into even less power
around the frequency doubled 355 nm range, which is also evident
by the dip in output power in the figure. In order to circumvent the
use of doubling the low power idler beam to generate UV photons
sum-frequency generation is used yet again in a home build laser
add on, where the visible light from the OPO signal is mixed with
the fundamental YAG frequency to generate UV photons in the
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Figure 4.5: (a,c,d) Output power of the EKSPLA lasers. The third
harmonic 355nm of the Nd:YAG laser 1064nm pumps an OPO to
generate visible (c) signal beam and IR (d) idler beam. (a) The light
from the OPO is frequency doubled to produce light in the UV range.
(b) (Blue) The visible light and the fundamental YAG pumps a BBO
crystal to generate the sum-frequency.

range of 301 nm to 425 nm, depicted as the blue line in Figure 4.5.

4.4 Sum frequency generator

The outline of the sum-frequency add on can be seen in Figure 4.6
on the following page. In this add-on a BBO crystal is used for
sum-frequency generation. When the UV light has been generated,
a Pellin Broca prism[81] separates the tree different wavelengths
in space. The Pellin Broca prism is cut in a way that transmits a
specific wavelength perpendicular to the incoming direction when
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Figure 4.6: Illustration of the setup for sum frequency generation
between the Nd:YAG fundamental wavelength and visible light from
the OPO. A BBO crystal generates the sum frequency photon, and a
prism selects the generated UV photon.

the specific wavelength is indent in the Brewster angle. The cal-
culated phase matching angles and prism angles for each input
wavelength can be seen in Figure 4.7 on the next page. The overall
output of the sum frequency generation is shown in Figure 4.5 on
the preceding page as the blue curve.

A LabVIEW program controls the stepper motors on the motor-
ized rotational stages that hold the BBO and prism. The program
has a look-up-table with all the wavelength-step value pairs for both
the BBO and prism. The control program keeps track of which po-
sition the two stages are currently at, and changes them as needed.
There are no reset switches on the stepper motors, so if there is a
sudden loss of power for the computer running the control software
it might forget where the two rotation stages currently are. To limit
the possibility of this happening, the control software writes the
current position to a local file. As a further safety measure, the
stepper motor control and the host computer is running on a UPS
(Uninterruptible Power Supply - a backup battery).

Without this sum-frequency add on, some of the fundamental
results presented in this thesis would not have been possible.
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CHAPTER 5

Results on Nitrophenolates

This chapter summarises the study of the nitrophenolate anions,
published in papers I, IT and III. Since the specific information of
the experiments has already been published, only specific topics and
results will be discussed below. Furthermore, the data presented in
this and the following chapter has no error bars. These are removed
to make the figures easier to read. For more detailed information,
the reader is referred to the previously mentions papers.

The structure of the three isomers of nitrophenolate are shown
in Figure 5.1. The nitrophenolates are composed of a hydroxy group
and nitro group, separated by a spacer - in this case a benzene
ring. The three different isomers has some very distinct differences,
which will be apparent later. Nitrophenolates are good model

o o
o 0
NT
o 0
l}l+
- _N*
O 0 0

(a) (b) (©)

Figure 5.1: Illustrating the structure of (a) ortho, (b) meta and (c)
para-nitrophenolate

09
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Figure 5.2: [Illustrating the likeness between the (a) para-
nitrophenolate and the three bio chromophores (b) oxyluciferin, (c)
Green Fluorescent Protein and (d) Photoactive yellow Protein.

systems for larger biomolecules, such as oxyluciferin[82, 83]; the
luminophore responsible for light emission from fireflies, the Green
Fluorescent Protein (GFP) chromophore [6] and the Photoactive
yellow Protein (PYP) chromophore [84]. These three highly in-
teresting chromophores all share the same phenolate motif as the
nitrophenolate isomers, illustrated in Figure 5.2. The overall goal of
studying the nitrophenolates is to gain a fundamental understand-
ing of the photo physical properties of this simple model system,
and how local perturbations from micro solvation effects these prop-
erties. The knowledge gained from this system can then be used
to understand the photo physical properties of more complex bio
chromophores.

Many biochromophores, e.g. oxyluciferin, undergo charge-trans-
fer (CT) transitions upon excitation. In order for a chromophore
to have a charge-transfer transition, one of its components must
have electron donating properties, and another must have electron
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Figure 5.3: (a) Energy spacing between two non-interaction molecu-
lar orbitals, (b) Energy spacing between two highly mixed molecular
orbitals

acceptor properties. This results in charge being moved from a
donor-orbital of the chromophore to a acceptor-orbital upon exci-
tation. This type of transition usually has a relative low oscillator
strength due to the separation of the donor and acceptor-orbitals,
and the transition is usually found at lower energies than "normal”
transitions[7]. This lower transition energy can be illustrated on
the basis of the energy spacing between two coupled orbitals. The
transition energy between two non-interaction molecular orbitals,
i.e. a charge-transfer like transition, is just the energy difference
between the two non-interacting orbitals. As soon as the molecular
orbitals start to mix, the spacing between the two new orbitals
becomes larger. This is illustrated in Figure 5.3.

In order to effectively model the charge-transfer transition of
larger bio molecules by our model system, the spacer between the
hydroxy and nitro groups must act to block mixing. As evident
from the resonance structures and calculated HOMO (highest occu-
pied molecular orbital) and LUMO (lowest unoccupied molecular
orbital) in Figure 5.4 on the following page, the ortho and para-
nitrophenolates exhibit a high degree of coupling, i.e. a high degree
of electron delocalisation, between the donor and acceptor groups
of the ions. For the ortho and para isomers, it does not strictly
make sense to talk about donor and accepter groups since the whole
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Figure 5.4: TIllustrating resonance structures for ortho, meta and
para-nitrophenolate anions. In the case of the ortho and para iso-
mers, two resonance structures exists illustrating the high degree of
electron delocalisation in these two isomers. Whereas no such reso-
nance structures can be drawn for the meta isomer, illustrating the
localised conjugation. The calculated highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital (LUMO) are
shown, which show the same conclusion.

molecule acts as both change donor and acceptor. For the sake of
consistency, I am still going to use the term donor for the phenolate
group, and acceptor for the nitro group. The meta-nitrophenolate
isomer exhibits a much more localised electron density in the HOMO
and LUMO, i.e. the charge is not delocalised between the donor
and acceptor groups. The transition in the meta isomer is a CT
transition. This is one of the strengths in using the nitrophenolates
as a model system, the type of transition can be controlled, by
choosing the right isomer.
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Figure 5.5: Fragmentation pattern of (a) ortho-nitrophenolate, (b)
meta-nitrophenolate and (c) para-nitrophenolate, excited at a laser
wavelength of 450 nm, 520 nm and 420 nm, respectively. The fragments
are denoted in the top frame, as either the fragment ion or what neutral
species has been lost from the parent ion.

5.1 Bare nitrophenolate ions

To understand the effects of a perturbation environment, it is cru-
cial to know how the bare system behaves. As described earlier,
a number of different measurements has to be done, in order to
get the action spectra. In this chapter, action spectra refer to the
fragmentation action spectra. One needs to know the fragmentation
pattern of the ion, the action spectra associated with the formation
of each fragment and the number of photons required for fragmen-
tation. In the following, meta-nitrophenolate is used to illustrate
the different aspects of the analysis of the experimental data.

The fragmentation pattern of all the bare nitrophenolate anions
can be seen in Figure 5.5. The fragmentation pattern is quite rich
compared to the small size of the nitrophenolates. To get the total
action spectrum, the action spectra for each fragmentation channel
has to be acquired. In order to do that, the power dependence of
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fragmentation has to be obtained. The power dependence for the
three most dominant fragments of m-nitrophenolate (m/z = 46 amu,
m/z = 80amu and m/z = 108 amu) can be seen in Figure 5.6 on
the facing page. The individual power fits (yield=laser power°™er)
revel orders between 1.6 and 2.3, but it is difficult to say exactly
what the order should be. All that with certainty can be concluded
is that fragmentation of the bare ions, on the time scale of the SEP1
experiments, is a multi photon process. In the following action
spectra a two-photon process has been assumed. The weighted sum
of the individual action spectra, weighed relative to their yield in
the fragmentation spectra, results in the total action spectra. The
action spectra for each fragment of m-nitrophenolate can be seen in
Figure 5.7 on page 66. The total action spectra for all three isomers
can be seen in Figure 5.8 on page 67. It is quite clear from the total
action spectra that the meta isomer absorbs much further to the
red than the ortho and para isomers. In conclusion, if we assume
that the ortho and para-nitrophenolates are completely coupled,
and that the meta-nitrophenolate is completely decoupled (pure CT
transition), the study of these nitrophenolates has taught us that
by decoupling the donor and acceptor states in this model system, a
lowering of the transition energy by 0.82¢eV can be achieved (band
maximum for para 3.15 eV minus band maximum for meta 2.33eV).

5.2 Micro solvated nitrophenolates

Since we now understand the properties of the bare nitrophenolate
isomers, it is time to add a single water molecule to the ions, to
form ion-solvent complexes which mimic the local environment in
e.g. a protein pocket. Based on the calculations in papers IT and
II1, the single water molecule binds to the phenolate group in all
three isomers (see Figure 5.9 on page 67). In the case of ortho-
nitrophenolate, the water molecule binds to both the phenolate
and the nitro group, but more strongly to the former. The binding
energy of the para-nitrophenolate complex is less than that of the
meta-nitrophenolate complex, indicating that some of the negative
charge for the para isomer is still on the nitro group, which means
that the phenolate and nitro group are still somewhat coupled in
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Figure 5.6: Power dependence measurements for the three most dom-
inant fragments of meta-nitrophenolate. (a) fragment m/z = 46 amu,
(b) fragment m/z = 80 amu and (c) fragment m/z = 108 amu, measured
at laser wavelengths of 510 nm, 520 nm and 550 nm, respectively.

the para isomer.

As before, with the bare ions, the fist experiment to do is to
look at the fragmentation pattern of the water complexes. The
fragmentation patterns can be seen in Figure 5.10 on page 68. The
fragmentation pattern has been reduced to a single fragment: loss
of the water molecule. This and the linear power dependence seen
in Figure 5.11 on page 69 greatly simplifies the analysis of the
experimental data. The binding energy of the water molecule is
on the order of 0.5eV so after absorbing a 2.5eV photon, there is
enough excess energy left to ensure a fast dissociation. The fast
dissociation ensures that no kinetic shift is present in the SEP1
data. The resulting action spectra can be seen superimposed on
the action spectra for the bare ion in Figure 5.12 on page 70. It
is clearly seen that a single water molecule shifts the absorption
band for all three isomers, but the direction is not constant. In the
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Figure 5.7: Action spectra for each fragmentation channel of the
bare meta-nitrophenolate anion. (a) m/z = 46 amu, (b) m/z = 80 amu,
(c) m/z = 91amu and (d) m/z = 108 amu. Gaussian fits (red) are
superimposed to help guide the eye.

meta isomer case, where the transition is a 'pure’ CT transition,
we see a blue shift. The blue shift is due to a simple electrostatic
effect. When the charge is moved from the donor to the acceptor
group, the interaction energy between the dipole of the solvent,
and the charge on the ion is reduced. This now less favourable
interaction increases the transition energy. This electrostatic effect
shifts the absorption band more for stronger binding solvents as
can be seen in paper II and in Figure 5.14 on page 72. In the case
of the ortho and para isomers, a small redshift is seen in the action
spectra. This is due to the fact that binding a single water molecule
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The data for ortho and para-nitrophenolate were

obtained at the ELISA storage ring facility in Aarhus[85, 86]. Gaussian
fits are superimposed to help guide the eye.
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Figure 5.9: Calculated structures of the micro solvated nitrophe-
nolate isomers (a) ortho, (b) meta and (c) para. For all isomers, the
water molecule binds to the phenolate group.[87]
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Figure 5.10: Fragmentation pattern of (a) ortho-nitrophenolate
water complex, (b) meta-nitrophenolate water complex and (c) para-
nitrophenolate water complex, excited at laser wavelengths of 415 nm,
475nm and 415nm, respectively. The only fragmentation channel
available is the loss of the solvent molecule.

pulls the charge towards the water, lowering the conjugation. This
effect is illustrated in Figure 5.13 on page 71. The binding of a
solvent molecule effectively makes the electronic transition more
CT like. The now CT-like transition will, as for the meta isomer,
weaken the interaction between the solvent dipole and the ion charge
upon excitation. This weakening will then result in a blue shift in
the transition energy. The relative small red shifts of 0.10eV and
0.15eV for the ortho and para isomers respectively, is a result of
both the red and blue shift in transition energy. A summary of the
experimental data on the nitrophenolates can be seen in Table 5.1
on the next page.
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Figure 5.11: Power dependence measurements for the three nitro-
phenolate water complexes. (a) ortho-nitrophenolate water complex,
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Table 5.1:

Relative laser power [arb. unit]

Absorption band maximum in nm and eV, and shifts
from the bare ions in AeV. A negative AeV value corresponds to a red

shifted absorption.

Bare Solvent
Ton ‘ nm eV ‘ nm eV

AeV

o-nitrophenolate | 399 3.11 | *412 3.01

m-nitrophenolate | 530 2.38 | %485 2.56
- - b485  2.56
- °505  2.46

p-nitrophenolate | 393 3.15 | “413  3.00

-0.10
0.22
0.22
0.12
-0.15

“water, “methanol, “acetonitrile

69
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Figure 5.12: Action spectra for the water complexes (blue hol-
low circles, and broken line) of (a) ortho-nitrophenolate, (b) meta-
nitrophenolate and (c) para-nitrophenolate. The action spectra of the
bare isomers are superimposed (red full circles, full line). Gaussian fits
are likewise superimposed to help guide the eye.
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Figure 5.13: Tllustrating the effect of micro solvation on the conju-
gation on para-nitrophenolate. (a) When no water molecule is present,
the conjugation is spread over the whole ion. (b) The conjugation is
lowered upon binding a single water molecule, effectively creating a
more CT-like transition and lowering the transition energy.
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Figure 5.14: Action spectra for the (a) bare meta-nitrophenolate,
and complexes with a single (b) acetonitrile, (c¢) water and (d) methanol
molecule. The calculated binding energies increase downward. The
binding energies are 0.50eV, 0.54eV and 0.65¢eV for the acetonitrile,
water and methanol complexes respectively. Gaussian fits are superim-
posed to help guide the eye.



CHAPTER 6

Other systems

In this chapter I will use the results from the previous chapter, and
illustrate how these can be used to interpret the experimental results
for other, more complex, systems. The systems that will be covered
are oxyluciferin, permanganate, p-benzoquinone anion, Ru(bipy);**
and protonated adenine, protonated thymine and protonated uracil.
The structures of said ions, and the nitrophenolates, can be seen
in Figure 6.1 on the following page. The details of each individual
study can be found in the corresponding papers cited for each
experiment, and only brief introductions and discussions will be
presented here.

6.1 Oxyluciferin

Oxyluciferin is the luminophore responsible for light emission from
fireflies. Oxyluciferin is furthermore also the luminophore responsi-
ble for light emission from various forms of click beetles and railroad
worms, but here the light emitted is of different colors than seen
in the fireflies. In nature, oxyluciferin is chemically excited[88, 89|
into the first excited state. Light is then emitted by returning
to the ground state. The transition has been calculated to be a
charge-transfer like transition[90, 91]. An interesting question is
how is the color of the emitted light from oxyluciferin tuned? It has
been proposed[92] that a single water molecule inside the luciferase
protein could have a profound effect on the photophysical proper-
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Figure 6.1: Molecular structures of the ions represented in this
chapter. (a) oxyluciferin, (b) m-nitrophenolate, (c) o-nitrophenolate,
(d) p-nitrophenolate, (e) protonated adenine, (f) protonated thymine,
(g) protonated uracil, (h) permanganate, (i) p-benzoquinone anion and

(j) Ru(bipy)3*.
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Figure 6.2: Structure of (a) oxyluciferin and (b) oxyluciferin-water
complex. The water molecule binds to the phenolate group. Carbon
atoms are grey, oxygen red, sulfur yellow, nitrogen blue and hydrogen
white.[96]

ties of the oxyluciferin chromophore. In order to investigate this
proposal, the effect of the local environment has been the focus of
a few theoretical studies, where micro solvation was found to give
a small red or blue shift, dependent on the solvent location[93-95].
However, the calculated shifts has only been on the order of 5nm,
which is not nearly enough to explain the diverse colors found in
nature. In order to establish the actual effect of micro solvation,
we have studied the intrinsic light absorbing properties of the bare
oxyluciferin anion and the properties of the oxyluciferin-water com-
plex (paper IV [96]). The calculated structures of both the bare
ion and the solvent complex can be seen in Figure 6.2.

The experimental approach is exactly the same as for the nitro-
phenolate isomers, described in the previous chapter. The action
spectra for the bare ion and water complex can be seen in Figure 6.3
on the following page. A very clear blue shift in the absorption
spectra is seen upon micro solvation. The shift is 0.23 eV, which
is approximately the same shift seen in the meta-nitrophenolate
case, and much the same conclusions can be drawn. The water
molecule binds to the phenolate-group, and when change is moved
away from this group upon excitation, the ion-dipole interaction is
weakened. This weakening of the ion-dipole interaction increased
the transition energy and a blue shift is observed. This strong
shift due to micro solvation indicates that the transition is indeed
a CT-like transition. And that the local environment can have a
huge effect on the transition energies of oxyluciferin.
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Figure 6.3: Action spectra of (red solid) oxyluciferin and (blue
hollow) oxyluciferin-water complex. Gaussian fits are superimposed to
help guide the eye.

The data presented here provide information on the absorption
by the ions, and not light emission which is the actual interesting
property. But given the fact that a single water molecule can
shift the color of the light absorbed by 50nm, it is clear that
perturbations from the local environment should be able to change
the wavelength of emitted light also. The ideal experiment for
looking at shifts in light emission is clearly to study the actual light
emitted from this ion, but that has not yet been accomplished in
the gas phase.

6.2 Permanganate

Permanganate is not a biomolecule, but it is still an interesting ion
to study, due to its popularity as a oxidising agent. The absorption
spectrum was first measured in detail by Holt and Ballhausen in
1967[97]. Since then permanganate has been used as a benchmark
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system for theoretical models[98-101]. Permanganate is very differ-
ent from the previously mentioned ions, simply due to the fact that
permanganate does not have a dipole moment, it is highly symmet-
rical. One of the interesting properties of the electronic structure
of permanganate, is that upon electronic excitation, the geometry
changes to a lower symmetry due to Jahn-Teller distortion[102, 103].
But what is of most interest for the work presented in this thesis is
the investigation of the effect on the electronic structure of binding
a solvent molecule to a completely symmetrical charge distribution.
It is clear that the electron delocalisation must be greatly affected
by binding a solvent molecule. This is going to localise the charge,
wherever the binding occurs. Drawing upon the conclusions from
the nitrophenolate study, a couple of things can happen. The fact
that the charge is going to be more localised, would result in a
more CT like transition, which would result in a red shift of the
absorption band. The now CT like transition is going to be effected
by the electrostatic cost of moving charge away from the solvent
molecule, which would result in a blue shift in the absorption band.
The question then is, which effect is going to impact the electronic
energy levels the most? The absorption data are shown in Figure 6.4
on the next page. A small blue shift, of 12meV is observed, which
must be the result of the two perturbing effects almost cancelling
each other. It is very peculiar that, what must be a big effect on
the electronic structure has such a small effect on the electronic
energy spacing.

6.3 p-Benzoquinone

Quinones are a central component of the transfer of charge in
the photosynthesis system [104]. In the photosynthesis system,
the quinones transfer electrons in a near resonant electron trans-
fer transition, it is therefore important that the electronic levels
of the quionone are constant for the transfer to be efficient[105].
p-benzoquinone is a central moiety that accounts for the electron-
accepting part of the quinones found the the photosynthesis-system,
and has therefore been of great interest[106-111]. The effect
of micro solvation was studied by Mark H. Stockett and Steen
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Figure 6.4: Action spectra of (a) bare permanganate anion, (b)
permanganate-water complex and (c) a replot of the two superimposed
ten point averages, where the red solid line is the bare ion and the
blue broken line is the water complex. The peaks in the action spectra
corresponds to vibrational fine structure due to a vibronic coupling to
the Mn—O stretching mode of 740 cm™—! and 725 cm™~? for the bare ion
and water complex, respectively.
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Brgndsted Nielsen [112], by looking at the action spectra of the
bare p-benzoquinone and the p-benzoquinone-water complex. Like
permanganate, p-benzoquinone has no permanent dipole moment
and has a very high degree of symmetry. Like permanganate,
the symmetry of the electronic conjugation must be lowered by
attaching a water molecule.

Unlike the other ions presented in this thesis, p-benzoquinone
does not fragment after laser excitation. After photo excitation an
electron is emitted, either as direct photodetachment or delayed
thermionic emission from a hot ground state. It is not possible to
measure electrons at SEP1, and at the time of the p-benzoquinone
experiment it was only possible to measure charged fragments.
In order to measure the action spectrum of p-benzoquinone, the
depletion signal was monitored as a function of wavelength. This
is done by monitoring the depletion of the parent ion signal after
photo excitation. In the case of the water complex, it was possible
to monitor the water loss channel, but these data are not shown here
since the water loss only corresponds to approximately one percent
of the overall action. The depletion spectra for two transitions in
p-benzoquinone and the water complex can be seen in Figure 6.5
on the following page. After the installation of the new detector
at SEP1, it has been possible to measure the neutrals formed after
electron detachment. This has made it possible to measure the
action spectra on the UV side of the lowest transition. These data
are shown in Figure 6.6 on page 81 from 380 nm to 600 nm.

Just as was seen for permanganate, the effect of a single water
molecule on the separation of the electronic levels is minimum. For
p-benzoquinone there actually seems to be no measurable shift
between the absorption spectra of the bare ion and of the water
complex. Again, as for permanganate, the two opposing effects
must cancel each other. The robustness of the transition energies
of p-benzoquinone under perturbations from the local environment
makes the quinone an ideal electron acceptor - which is just what
is needed in the nature.
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Figure 6.5: Depletion spectra of p-benzoquinone (open black circles)
and the water complex (filled red squares) for two different transitions.
(a) First transition, solid line is a 5 point moving average, (b) Second
transition, solid line is 3 point moving average. For further details see
text and ref [112].



6.4. Tris(bipyridine)ruthenium(II) 81

Energy [eV]
44 42 40 38 36 3.4 3.2 3.0 2.8 2.6 2.4 2.2
‘ [TTT ‘ T [ ‘ T T ‘ T T T T 1 I I

%HH‘HH‘HH‘HH‘\H\

o
o

Action Yield [arb. unit]

300 350 400 450 500 550 600
Wavelength [nm]

Figure 6.6: Action spectra of the bare p-benzoquinone anion (red
solid) and p-benzoquinone water complex (blue hollow). The high
energy transition is depletion data from[112], the low energy transition
is new data acquired using the SED detector at SEP1. A gaussian fit is
shown for both transitions in the bare ion to help guide the eye. 4 point
moving averages are superimposed on the water complex data. The
two transitions are normalised to the data measured in an Ar matrix
by Piech et al. [113] (not shown).

6.4 Tris(bipyridine)ruthenium/(II)

The transition in Tris(bipyridine)ruthenium(II), (Ru(bipy);*"), is
a textbook example of a metal-to-ligand charge transfer transition
[114-116]. The ground state of the dication is a singlet with the
HOMO located on the center rubidium, while the LUMO is located
on the ligands[117]. The transition of the Ru(bipy);*" lies in the
visible range, and has made the ion interesting in regards to light-
harvesting for artificial photosynthesis[118, 119]. In the study by
Mark H. Stockett and Steen Brgndsted Nielsen[120], the shift in
transition energy when going from the bare Ru(bipy),*" ion to the
Ru(bipy);°" + acetonitrile complex was investigated using action
spectroscopy. Ru(bipy);*", like permanganate and p-benzoquinone,
is highly symmetrical and has no permanent dipole. The absorp-
tion spectra (Figure 6.7 on the following page) show, just like for
permanganate and p-benzoquinone, no significant shift in transition
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Figure 6.7: Action spectra of Ru(bipy);>". The red line is dissocia-
tion action spectra for the bare ion, the open circles and the solid black
line is data and 10-point running average of the acetonitrile complex.
The black arrows indicate maxima in the low energy tail corresponding
to 1250 + 250 cm~!. Absorption band maximum measured at the elec-
tronic storage ring ELISA is added as the light gray bar. The blue line
is the absorption by Ru(bipy);** in bulk acetonitrile solution. Figure
from [120].

energy upon micro solvation. In order to really establish the band
maxima it would be relevant to measure the action below 420 nm.

6.5 Protonated nucleobases

In order for life to have evolved beyond the prebiotic era (4 billion
years ago[121]), where no protective stratosheric ozone layer was
present, the photo stability of DNA and RNA was crucial. It is the
nucleobases (adenine, thymine, cytosine, guanine and uracil) that
are responsible for UV light absorption, so the general interest in
the photo physical properties of the nucleobases is no surprise[122—-
129]. In the two papers by Sara Ovad Pedersen et al. [130, 131]
protonated thymine, protonated Adenine and protonated uracil
bare ions and single-water complexes were studied using action
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spectroscopy. The action spectra of protonated adenine (Figure 6.8
on the next page) shows no shift in transition energy upon micro
solvation. This would indicate that the positive charge is delocalised
over the whole ion. Surprisingly, no shift in transition energy is
seen between the bare nucleobase and the fully solvated one either,
which again shows that the transition is not at all affected by the
surrounding micro environment. In the case of protonated thymine
and protonated uracil, the action spectra become a little more
complicated. Based on calculations, two tautomers are present in
the ion beam. For both protonated thymine and protonated uracil,
the two tautomers present are called 138" and 1781, where the
nomenclature indicates the protonation on the ring position and
oxygen atom and was first introduced in ref. [132] and kept here for
the sake of consistency. The tautomers can be seen in Figure 6.9
on the following page, along with their calculated percentage in the
ion beam and calculated absorption band maximums. According to
calculations the two tautomers are responsible for light absorption
at two different wavelengths. The 138" tautomer absorbs light
at approximately 300 nm and the 178" tautomer absorbs light at
approximately 250 nm.

In the protonated thymine spectrum, Figure 6.10(a) on page 85,
only one absorption band (178" tautomer) is seen for the bare
nucleobase, which fits nicely with the calculated percentage of the
138" tautomer of only up to 4 %. This band is not affected by the
addition of a single water molecule, indicating a fully delocalised
charge distribution on this tautomer. By adding a water molecule,
the relative importance of the 138" tautomer seems to be enhanced,
based on the small absorption band seen for the water complex at
305nm. It is unfortunately not possible to measure a shift in this
transition due to the low signal for the bare ion at this wavelength.
It would be interesting to go back and do the Thymine experiment
again, this time with focus on measuring the 138" tautomer signal
for the bare ion.

In protonated uracil, two bands are seen in the absorption spec-
trum, Figure 6.10(b) on page 85. These two bands corresponds
to both tautomers being present in the ion beam. Again, as for
protonated thymine, the addition of a water molecule does not shift
the absorption band for the 178" tautomer. Again this indicates a
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Figure 6.8: Action spectra of the protonated adenine (hollow blue
circles) and water complex (full black circles). The absorption spectra
for fully solvated Adenine is superimposed as the solid green line.
Furthermore the action spectra of protonated AMP is added (hollow
red diamonds), but has no interest for the study presented in this thesis.
Figure from [131].

protonated thymine protonated uracil
OH OH OH OH
o0~ N HO)\N s o~ °N HO)\N
H H : H H
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Tautomer 138" 178" 138" 178"
Beam% 0 - 4% 96-100% | 1-23% 77 - 99%
Abs. Band max 236 nm 283 nm ; 225 nm 271 nm

Figure 6.9: Illustrating the two tautomers of Thymine and Uracil,
and their calculated percentage of the ion beam at SEP1 and calculated
mean absorption band maximum. All values from [130].
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Figure 6.11: Resonance structures of protonated uracil tautomers.
(a) 138" tautomer, (b) 178" tautomer. Based on the resonance struc-
tures, the 138" tautomer exhibit a CT-like transition, where the lone
pairs on the oxygen can be transferred into the ring structure upon
excitation. Whereas the charge on the 178" tautomer is delocalised
over the whole molecule. The charge delocalisation on both tautomers
is illustrated by the bold lines.

completely delocalised charge distribution. Furthermore, as seen for
protonated thymine, the percentage of the 138" tautomer increased
upon binding a water molecule, as seen by the relative height in
the absorption data. On top of the increase in tautomer 1381 per-
centage, a clear blue shift is seen in the absorption band maximum.
The shift in energy is 0.14eV. This, and the fact that the absorp-
tion band is broader and much more red shifted compared to the
absorption from the 178" tautomer, indicates that this transition
could have a CT transition.

The conclusion that the 138" tautomer has CT character, and
the 178" tautomer is fully delocalised, is further established by
looking at the simple resonance structures in Figure 6.11. The
resonance structures illustrates the complete conjugation on the
178" tautomers (just as for permanganate, p-benzoquinone and
Ru(bipy);*"), and a somewhat localised conjugation for the 1387
tautomers.
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Figure 6.12: Summarising the experimental results of micro sol-
vation experiments. Oxyluciferin, meta-nitrophenolate and the 138"
tautomer of protonated uracil has a transition with a high degree of
charge-transfer, resulting in a blue shift upon micro solvation. or-
tho-nitrophenolate and para-nitrophenolate show a red shift, due to
superposition of a more CT-like transition and hence also electrostatic
effect upon micro solvation. Protonated adenine, protonated thymine
and the 178" tautomer of protonated uracil show no shift in transition
energy upon micro solvation. No shift is seen for any of the ions with
no permanent dipole: p-benzoquinone or Ru(bipy) 32+, and only a very
small blue shift is seen for permanganate.

6.6 Summary of experimental results

All the experimental data currently available on the effect of micro
solvation on the electronic transitions studied at SEP1 are sum-
marised in Table 6.1 and Figure 6.12.

Judging from the data, micro solvation has almost no effect
on the highly symmetrical no permanent dipole ions. These ions
have shown to be very robust in terms of electronic transition
energies regardless of perturbations from the local environment.
This category of ions could be used in molecular electronics if
robustness of the electronic transition energy is desired[133], as in
the case of e.g. the quinones in photosynthesis. In contrast, if color
modulation by the perturbations from the local environment is
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Table 6.1: Absorption band maximum in nm and eV, and shifts
from the bare ions in AeV. A negative AeV value corresponds to a red
shifted absorption.

Bare Solvent
Ion ‘ nm eV ‘ nm eV  AeV
oxyluciferin 548 226 | *498 249 0.23
m-nitrophenolate 530 2.38 | 485 2.56 0.22

- - | %485 256 0.22
- 1505 246 0.12
o-nitrophenolate 399 3.11 | 412 3.01 -0.10
p-nitrophenolate 393 3.15 | 413 3.00 -0.15

protonated uracil*®® 208 4.16 | “288 4.31 0.14
protonated uracil'™ 254 4.88 | 254 4.88 0
protonated thymine!®® | ? 712305 4.06 7
protonated thymine!™ | 260 4.77 | “260 4.77 0
protonated adenine 264 497 | *264 4.97 0

permanganate 564 2.20 | 561 2.21 0.01
p-benzoquinone! 435 2.85 | 9435 2.85 0
p-benzoquinone? 312 397 (%312 397 0
Ru(bipy)2* 260 4.77 | ©260 477 0

“water, "methanol, acetonitrile, %/ tautomer
1/2transition number

desirable, an ion with high degree of charge-transfer transition like
meta-nitrophenolate or oxyluciferin should be chosen. In the case
of the protonated nucleobases, the transition energies of protonated
adenine and protonated thymine showed no effect from the local
environment and in the case of protonated uracil, only the tautomer
with CT like transition showed a blue shift. These two extreme
types of transitions are easily interpreted:

o The transition energy, of a no-permanent dipole moment ion,
is not affected by the local micro environment.

o The transition energy of a charge-transfer transition is blue
shifted due to simple electrostatic effects.
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For the ortho and para-nitrophenolate, a small red shift was
seen in the transition energies. This red shift is most likely due
to a superposition of de-coupling (more CT like transition) and
electrostatic cost of the transition in a non-trivial way. In order
to fully understand the perturbing effects on intermediate systems
more data is needed.

In conclusion, it is not trivial to predict the effect of the local
micro environment on a transition energy, unless the molecule is
totally symmetric or has a transition with a high degree of charge
transfer. In the case of a very symmetric ion the effects of micro
solvation cancels out to a near net zero effect. In the case of a
transition with high degree of charge transfer, a blue shift of up to
approximately 0.2eV can be expected, due to electrostatic effects.
This conclusion is drawn upon a very limited dataset, and future
experiments should be conducted in order to verify the conclusion
presented here.






CHAPTER 7

Outlook

The data presented in this thesis for the study of the effect on the
transition energy by micro solvation, has come about due to many
different projects on many vastly different ions. In order to pinpoint
e.g. the potential maximum effect of micro solvation on a charge-
transfer transition, or the effect of a much stronger binding solvent
on a fully symmetrical charge distribution, a more rigorous approach
could be taken than the one presented here. The more controlled
approach would be to have some model systems, like the ones shown
in this thesis, and have them subjected to a larger range of solvent
molecules, with varying polarisability and dipole moment. In order
to get any meaningful observations from such a study, the complexes
might need to be cooled down in order to pinpoint the absorption
band maximum with high accuracy[134, 135]. This cooling of the
ion-complexes would enable the detection of much smaller shifts in
transition energy. Cooling of the ions might also make it possible
to study the effect of two or more solvent molecules attached. This
has not previously been possible at SEP1, which may be due to the
place of complex formation. At SEP1 the solvent complexes are
formed in an octopole. If the complexes were instead formed in
the multipole ion trap, the potential of the trapping field would be
more flat near the center. This flat trapping potential would result
in fewer accelerated collisions, and might lead to formation of larger
solvated ions. This would shed light upon not only the first step
in ion solvation, but also the steps in between bare ion and fully
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solvated. On that note, for the meta-nitrophenolate-acetonitrile
and protonated uracil-water complexes, a single solvent molecule
was seen to shift the absorption almost half the way to the fully
solvated species. This observation naturally raises the question of
how many solvent molecules are actually needed for a species to be
fully solvated? Another curios result presented in this thesis is the
fact that there is no shift in absorption band maximum upon micro
solvation for the symmetrical ions p-benzoquinone and Ru(bipy);*".
It would be interesting to study this result on a wider variety of
solvent molecules to see, if the two opposing effects always will
result in a zero shift.

In the case of oxyluciferin, it would be very exciting to study
the fluorescence instead of the absorption. This experiment has
already begun by the building of the LUNA setup. To be able
to see fluorescence from oxyluciferin, the ion needs to be cooled
down in order for fluorescence to compete with internal conversion.
This requires modifications to the current LUNA setup, as cooling
has not yet been implemented. There are a few ways such a
cooling could be implemented. The simple, fastest and cheapest
way is to modify the current setup and add a small liquid nitrogen
reservoir, which either touch the Paul trap, or cool the helium buffer
gas[136]. This would, if mounted and screened correctly result in
ion temperatures of around 100 K. Another, more expensive but
also more effective cooling mechanism is cryo cooling, where ions
can reach temperatures of a few kelvin[137]. This setup requires
a whole new vacuum section at LUNA, with multiple turbo pumps
and ion transmission components. No matter which method is used,
the ability to study fluorescence from cold molecular ions would
open up new exciting experiments. These experiments will be based
on luminescence from cold ions, which will remove many of the
experimental uncertainties. In addition to cooling the ions at LUNA,
the possibility of selecting individual isomers based on their 3D
structure by the use of ITon Mobility Mass Spectrometry[138—140]
would open up whole new world of exciting projects, where we
would have total control over the isomers in the ion beam.

In short, the future seems bright and cold!



CHAPTER 8

Summary

In the course of my PhD studies, I have investigated the intrinsic
photophysical properties of a wide range of molecular ions impor-
tant in the contexts of biophysics, nanotechnology, and fundamental
chemical physics. My molecular case studies have included perman-
ganate, oxyluciferin, chlorophyll complexes, the chromophore of the
Photoactive Yellow Protein (PYP), vinylheptafulvene derivatives,
and several nitrophenolates. The latter are good model systems
for larger biochromophores that contain the phenolate moiety and
that undergo charge-transfer transitions. Experiments on bare ions
with a single solvent molecule attached revealed the fundamental
perturbing effects of a nearby dipole: One water molecule blueshifts
the absorption by the meta-nitrophenolate isomer by 0.22eV. This
isomer undergoes a charge-transfer transition, where charge den-
sity moves from the donor phenolate group to the accepting nitro
group. The weakening of the electrostatic interaction between the
ion charge and the solvent dipole upon excitation results in the
higher transition energy for the complex. In contrast, the effect
of a single water molecule on the fully conjugated ortho and para
isomers results in red shifts of 0.10eV and 0.15 eV, respectively. In
these cases, the solvent molecule localises the negative charge at one
end and as a result the delocalisation is lowered (7.e. donor and ac-
ceptor states are decoupled), which results in a more charge-transfer
like transition, which gives rise to a red-shifted transition energy.
This effect is larger than the loss of interaction energy between
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the phenolate oxygen and the water dipole. For the oxyluciferin
anion, which is responsible for light emission from fireflies and other
insects, I measured a similar blue shift as for meta-nitrophenolate .
Oxyluciferin is one example of a biochromophore (7.e. a molecule
responsible for the photo-activity of a biological protein or enzyme)
that contains the phenolate moiety. Our results indicate that the na-
ture of the transition in the oxyluciferin case is also charge transfer
and lend support to the idea that the large colour differences (from
yellow-green to red) seen between different insects such as fireflies,
click beetles and railroad worms are due to microenvironmental
effects within the luciferase enzyme . In other experiments, it was
found that a single solvent molecule attached to a symmetric ion
with no permanent dipole moment (permanganate, p-benzoquinone
and Ru(bipy);*") does not affect the electronic transition energy
much, despite a significant perturbation of the charge distribution
within the ion. The explanation is the same as that for ortho and
para nitrophenolates: there are two opposing shifts that almost
balance each other. Finally, a study of protonated nucleobases
(uracil, thymine and adenine) showed the same effects as described
above, where only tautomers that undergo a charge-transfer like
transition showed a (blue) shift in transition energy. Other tran-
sitions were affected very little by the presence of a nearby water
molecule. These experiments were all conducted on a home-built
sector mass spectrometer equipped with an electrospray ion source,
where action spectroscopy was performed using wavelength-tunable,
nanosecond-pulsed lasers. I wrote the control software for most of
the experimental setup using LabvIEW. The software has automated
many aspects of the experimental work, resulting in better and
faster experimental results. The previously mentioned laser sys-
tems, which generate visible light by pumping an optical parametric
oscillator (OPO) with the third harmonic of a Nd:YAG laser, lack
power in the output region between 350 nm to 420 nm. In order to
circumvent this limitation I have built a laser add-on that uses sum-
frequency generation to generate light in the colour region between
301 nm to 425nm. This is done using a non-linear BBO crystal.
The fundamental Nd:YAG 1064 nm photons are mixed with the
photons in the visible region generated by the OPO to generate the
UV photons. This sum-frequency add-on was crucial in obtaining
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the absorption band maximum for the ortho and para nitropheno-
late ions and the chlorophyll complexes in the Soret band region.
Furthermore, the sum-frequency add-on has been used to obtain
data for the oxyluciferin and dimethylated oxyluciferin cation (yet
unpublished), and the photo yellow protein (PYP) chromophore.
Gas-phase action spectroscopy uses photo-induced dissociation or
electron emission (the action) as an indirect measure of an ion’s
absorption spectrum. This technique is not optimal for large ions
which have many degrees of freedom over which to distribute the
excitation energy and may thus require the absorption of multiple
optical photons to induce a measurable action signal. In such cases,
measurement of laser-induced fluorescence (which requires only a
single photon) may be an attractive alternative. Recently, I was
also involved in the design and construction of a new setup for
luminescence experiments on ions in vacuo. This setup also uses
electrospray ionisation to bring the ions into the gas phase. The
heart of this setup is a cylindrical Paul trap where ions are stored
and photoexcited. I designed and constructed the optical setup for
the input laser, which utilizes Fresnell diffraction to optimise the
spatial profile of the laser. I have also designed the optical setup
for light collection from the Paul trap. As a way to improve the
mass-selectivity of the Paul trap, I also designed and implemented
an axial excitation scheme to selectively eject unwanted ions from
the Paul trap. I have written the software used for controlling the
axial excitation, trigger timings, the spectrometer and the CCD
camera.






CHAPTER 9

Dansk Resumeé

I Igbet af min PhD har jeg undersggt de fotofysiske egenskaber af
en bred vifte af molekylaere ioner der har relevans indenfor biofysik,
nanoteknologi, og fundamental kemisk fysik. De ioner jeg har under-
sogt er permanganat, oxyluciferin, klorofyl komplekser, kromoforen
af Photoactive Yellow Protein (PYP), ioner fra vinylheptafulvene
familien, og flere nitrophenolater. Sidstneevnte er gode modelsyste-
mer for stgrre biochromophorer der indeholder en phenolatgruppe og
som har en charge-transfer overgang. Forsgg med nggne ioner med
et enkelt vandmolekyle bundet afslgrede effekten af en neerliggende
dipol: Et vandmolekyle blaskifter meta-nitrophenolat-isomerens
absorption med 0.22eV. Denne isomer undergar en charge-transfer
overgang, hvor ladningstaethed flyttes fra donor phenolatgruppen
til den accepterende nitrogruppe. Svaekkelsen af den elektrostatiske
vekselvirkning mellem ionens ladningen og vandmolekylets dipol
ved excitation resulterer i en hgjere excitationsenergi for komplekset.
[ modseetning hertil rgdforskyder et enkelt vandmolekyle bundet til
de fuldt konjugerede ortho og para isomerer overgangsenergien med
hhv. 0.10eV og 0.15eV. I disse tilfeelde lokaliserer vandmolekylets
dipol den negative ladning i den ene ende af ionen, hvilket medfgrer
at konjugationen mindskes (dvs. donor- og acceptor-tilstandene
afkobles), hvilket resulterer i en mere charge-transfer lignende over-
gang, der giver anledning til en rgdforskydning af overgangsen-
ergien. Denne effekt er stgrre end tabet af vekselvirkningsenergien
mellem phenolatetoxygenet og vandets dipol. For oxyluciferinanio-
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nen, som er ansvarlig for lysudsendelse fra ildfluer og andre insekter,
malte jeg et lignende blaskift som for meta-nitrophenolaten. Oxy-
luciferin er et eksempel pa en biochromophor (dvs. et molekyle
der er ansvarlig for foto-aktiviteten af et biologisk protein eller
enzym), der indeholder en phenolatgruppe. Vores resultater un-
derstgtter hypotesen om at farveforskellene (fra gul-gren til rod)
der ses udsendt af forskellige insekter som ildfluer, klik biller og
"railroad” orme skyldes mikromiljgets pavirkninger af kromoforen
i luciferase-enzymet. I andre forsgg blev det konstateret, at et
enkelt vandmolekyle bundet til en symmetrisk ion uden permanent
dipolmoment (permanganat, p-benzoquinon og Ru(bipy);*") ikke
pavirker den elektroniske overgang meget, pa trods af en vaesentlig
forstyrrelse af det konjugerede system. Forklaringen er den samme
som for ortho og para nitrophenolaterne: Der er to modsatrettede
forskydninger, som nzaesten balancerer hinanden. Endelig viste en
undersggelse af protoniserede nukleobaser (uracil, thymin og adenin)
de samme tendenser som beskrevet ovenfor, hvor kun tautomerene,
der har en charge-transfer overgang gav anledning til et (bla)skift
i overgangsenergien. Andre overgange blev meget lidt pavirket af
tilstedeveerelsen af et neerliggende vandmolekyle. Alle disse eksperi-
menter blev udfert pa et hjemmebygget sektor massespektrometer
udstyret med en elektrospray ionkilde, hvor action spektroskopi
blev udfgrt ved hjalp af tunebare nanosekund-pulserede lasere.
Jeg skrev kontrolsoftwaren til styring af det meste af forsggsop-
stillingen i LabVIEW. Dette program har automatiseret mange
aspekter af det eksperimentelle arbejde, hvilket har resulteret i
bedre og hurtigere resultater. De tidligere naevnte lasersystemer,
der genererer synligt lys ved at pumpe en optisk parametrisk os-
cillator (OPO) med den tredje harmoniske fra en Nd:YAG-laser,
har lille lysintensit i omradet mellem 350 nm og 420 nm. For at
omga denne begraensning har jeg bygget et lasermodul, der bruger
sum-frekvens generering til at lave lys i omradet mellem 301 nm
og 425nm. Dette sker ved hjeelp af en ikke-lineser BBO krystal.
Den fundamentale Nd:YAG 1064 nm foton mikser med fotonerne i
det synlige omrade fra OPO’en for derved at generere UV fotoner.
Denne sum-frekvens tilfgjelse var afggrende for at bestemme absorp-
tionsbandmaksimummet for ortho og para-nitrophenolat ionerne og
klorofyl komplekserne i Soret bandet. Desuden er sum-frekvens til-
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fajelsen blevet anvendt til at opsamle data for oxyluciferinkationen
og den dimethylerede oxyluciferinkationen (endnu ikke publiceret),
og PYP kromoforen. Gas-fase action spektroskopi bruger foto-
fragmentering eller elektron emission (action) som et indirekte mal
for ionens absorptionsspektrum. Denne teknik er ikke optimal for
store ioner, der har mange frihedsgrader over hvilke det er muligt at
fordele excitationsenergien. Saledes kan absorption af flere fotoner
veere ngdvendigt for at inducere et malbart action signal inden
for instrumentets maletid (i vores eksperimenter mikrosekunder).
[ sddanne tilfzelde kan maling af laser-induceret fluorescens (som
kun kraever en enkelt foton) veere et attraktivt alternativ. Jeg har
veeret involveret i opbygningen af et nyt luminescens instrument
for ioner i vakuum. Denne opstilling anvender ogsa elektrospray
ionisering til at bringe ionerne pa gasform. Hjertet er en cylin-
drisk Paul feelde, hvor ionerne fanges og fotoexciteres. Jeg har
designet og bygget den optiske opstilling for input laseren, som
anvender Fresnell diffraktion til at optimere den rumlige laserprofil.
Jeg har ligeledes designet det optiske setup for lysopsamling fra
Paul feelden. Som en made at forbedre masse-selektiviteten i Paul
feelden, har jeg bygget en opstilling der selektivt kan excitere ioner
aksialt og derved skubbe ugnskede ioner ud af Paul-faelden. Jeg har
skrevet den software der anvendes til styring af denne opstilling,
tidsstyringen, spektrometret og CCD-kameraet.
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Abbrevations

ADC ........... Analog to Digital Converter

CEM .......... Channeltron Electron Multiplier
CFD ........... Constant Fraction Discriminator
CID ............ Collision Induced Dissociation

CT ............. Charge-Transfer

DAC ........... Digital to Analog Converter
ELISA ......... Electrostatic Storage Ring for Ions in Aarhus
ESA ........... Electrostatic Analyser

ESI ............ Electrospray Ionisations

FPGA ......... Field-Programmable Gate Array
FWHM ........ Full width half maximum

HOMO ........ Highest occupied molecular orbital
IC .............. Internal Conversion

IVR ........... Intramolecular Vibrational energy Redistribution
LED ........... Leading Edge Discriminator
LUMO ........ Lowest unocupied molecular orbital
LUNA ......... Luminescence Intrument in Aarhus
OPO ........... Optical Parametric Oscillator

PCL ........... Programmable Logic Controller
PID ............ Photo Induced Dissociation

PMT .......... Photo Multiplier Tube

SEP1 .......... Sepperator 1

TDC ........... Time to Digital Converter

TOF ........... Time of Flight
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Personal contributions

This chapter has no explicit scientific value other than to highlight
my contributions to the experimental setups used during my PhD.

SEP1

Control software

At seP1 I have been one of two contributors to the data acquisition
software, and I have been responsible for the continued development
since April of 2015. The software has helped automate nearly every
aspect of the data acquisition, and has been running smoothly
and consistently. The ease of use has helped new members of the
group quickly to be able to run experiments by themselves. The
control software automates the scanning of the ESA potential, laser
wavelengths (both for the EKSPLA lasers and for the sum-frequency
add-on), the automated filter wheel and the magnet current. The
program uses a National Instruments FPGA (field programmable
gate array) to control the timings and to count the signals from the
detectors at a time resolution of 4 ns.

Heated capillary

I have contributed to the design of the heated capillaries used at
SEP1 and LUNA, and I have been responsible for the assembly of

103



104 Appendix B. Personal contributions

both. I was deeply involved in the development of the heated
capillary and the electrospray ion source that was built for a group
in Rome (paola.bolognesi@cnr.it).

SED

I have contributed to the design of the newly installed secondary
electron detector at SEP1. I have designed and implemented the
required electronic circuits and components and I have assembled
and tested the unit. Furthermore, I have adjusted the control
software to enable both detector 1 and detector 2.

LUNA

I have contributed to the overall design of LUNA. I have assembled
the whole setup in collaboration with Postdoc. Mark H. Stockett. I
have designed the optical system for light detection and laser beam
clean up.

Software

In addition to the CONSYS software, I have designed and created
the control software for LUNA. This includes the control script
for the spectrometer and CCD camera, and the control software
and hardware (PC trigger card and logic circuits) for the different
timing aspects of the setup. In addition to this, I have written a
program that lets you scan a parameter (laser wavelength, filter
wheel, CONSYS parameter etc.) while recording the luminescence.

SWIFT

I have designed and implemented the stored waveform inverse
Fourier transform (SWIFT) mass-selecting method at LUNA. This
includes both the software for generating the different potential time
series (SWIFT pulse and single and multiple sine and chirp pulses)
and hardware. I have made the electronic circuit for coupling the
SWIFT pulse to the end cap DC potentials of the Paul trap.
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Sum-frequency add-on

I have designed and assembled the sum-frequency generating laser
add-on, in addition to adapting the EKSPLA laser for use with the
add-on. I have calculated and measured the different angles for the
BBO (the non-linear crystal) to generate the sum-frequency signal.
Furthermore, I have written the control software for easy control of
the input /output wavelengths.

Data analysis software

In order to make the data analysis fast and consistent I have written
a data analysis program that supports all data files from SEP1 and
LUNA. This program makes it easy and fast to analyse and compare
different data files. In addition, it is also possible to add and scale
data from different data files in order to get the averaged data and
standard deviations. The analysis program can add data files to
a shared database. This database is searchable from the analysis
software, making it fast and easy to find specific data files.

Miscellaneous software and overall
maintenance

In addition to the control software for SEP1 and LUNA, I have devel-
oped the communication scheme between the different programs and
computers. This scheme makes the reading and writing of different
parameters (filter wheel, laser wavelength, CONSYS information etc.)
easy and consistent.

I have been responsible for the day-to-day maintenance of the
laboratory for the last year and a half. This includes cooling
water, pressurised air, oil-, scroll- and turbo pumps, adjustments
of detection electronics, debugging of faulty hardware/software,
cabling and so on.
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Charge-transfer excitations highly depend on the electronic coupling between the donor and
acceptor groups. Nitrophenolates are simple examples of charge-transfer systems where the degree
of coupling differs between ortho, meta and para isomers. Here we report the absorption spectra
of the isolated anions in vacuo to avoid the complications of solvent effects. Gas-phase action
spectroscopy was done with two different setups, an electrostatic ion storage ring and an
accelerator mass spectrometer. The results are interpreted on the basis of CC2 quantum chemical
calculations. We identified absorption maxima at 393, 532, and 399 nm for the para, meta, and
ortho isomer, respectively, with the charge-transfer transition into the lowest excited singlet state.
In the meta isomer, this m—t* transition is strongly redshifted and its oscillator strength reduced,
which is related to the pronounced charge-transfer character, as a consequence of the topology of
the conjugated m-system. Each isomer’s different charge distribution in the ground state leads to a
very different solvent shift, which in acetonitrile is bathochromic for the para and ortho, but

hypsochromic for the meta isomer.

1 Introduction

We have recently investigated the intrinsic optical properties
and solvatochromism of a series of extended p-nitrophenolates
by state-of-the-art gas-phase action spectroscopy and quantum
chemical calculations.> These compounds are text book
examples of donor—acceptor chromophores with the phenolate
oxygen as a donor group and the nitro as an acceptor group.
The position of the charge-transfer (CT) excitation in the
absorption spectrum was found to depend strongly on the
n-conjugated spacer between the donor and acceptor groups.
Thus, extending the spacer resulted in a bathochromically
shifted CT excitation, which we ascribe to an increased
conjugation at both ends of the molecule—the donor and
acceptor groups—along with a decreased electronic coupling
between them. Moreover, we found that one has to be very
careful in relating solution absorption characteristics of these
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anionic chromophores to their intrinsic absorption properties.
Thus, chromophores may show a different progression of
absorption maxima in solution relative to that observed in
the gas phase. In the monodisperse oligomer approach, the
optical properties of a series of conjugated oligomers are
usually investigated in solution and from extrapolation of
these data, the properties of an infinite polymer are pre-
dicted.*”’ For charged compounds, such as phenolates,
solution experiments may provide misleading results.

As a continuation of our work on nitrophenolates, we have
now turned to the three possible substitution motifs, p-, m-,
and o-nitrophenolate. The new fundamental questions we seek
to answer in this work are how substitution determines the
donor—acceptor coupling, i.e., mixing of donor HOMO with
acceptor LUMO, and how this coupling affects the intrinsic
absorption characteristics and the sensitivity to solvent effects.

2 Experimental

We used two different experimental setups for our action
spectroscopy measurements, which are complementary in the
covered range of wavelengths, the kind of fragments that are
detected, and the fragmentation time window. Compounds for
both experiments were purchased from Sigma-Aldrich.

2.1 ELISA experiments

These were carried out at the electrostatic ion storage ring in
Aarhus (ELISA).%? Electrospray ionization was used to produce

This journal is © the Owner Societies 2012
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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 in a bunch to
kinetic energies of 22 keV, and a bending magnet was used to
select the appropriate ions according to their mass-to-charge
ratio. The revolution time of the ions in the ring is ca. 50 ps.
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. Lifetimes were obtained from
measurements of the yield of neutrals hitting a microchannel
plate (MCP) detector located at the end of the straight section
opposite to the side where photoexcitation was performed.
From fits to the time spectra, it is 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 wave-
length used (relative, not absolute, number) and subsequently
deduce the absorption from this information by normalizing
to both the average number of photons in the laser pulses and
the neutrals yield prior to photoexcitation.

2.2 Sepl experiments

In this setup, operating at a repetition rate of 40 Hz, the yield
of fragment ions was monitored as a function of excitation
wavelength, up to 10 ps after photoexcitation in a single pass
experiment. lons were again produced by electrospray ionization
and accumulated in a 14-pole ion trap. An ion bunch was
accelerated to 50 keV energies and appropriate ions were selected
by a magnet. These were photoexcited by light from a similar
laser system as that used at ELISA, again in a merged beam
configuration. The laser was operated at 20 Hz, irradiating every
second ion bunch, so that the difference signal-—"laser on” minus
“laser off”—could continuously be measured. The shortest
wavelength that the laser provides is 420 nm. An electrostatic
analyzer allowed NO,™ or ions that had lost NO to reach
a channeltron detector where they were counted. The yields
of these two ion fragments were summed to obtain the
action spectra.

It is important to keep the differences between the two setups
in mind. In the ELISA experiment, slow delayed dissociation is
monitored after one-photon absorption, whereas in the Sepl setup,
fast dissociation is monitored after non-coherent absorption of two
photons (see Section 5.1). Also the photo-induced signal (the action)
is measured in different ways: in the ring experiment, the sum of
neutrals formed from all the dissociation channels is sampled,
whereas in the other setup, a single dissociation channel, involving
one ionic fragment with a particular mass-to-charge ratio, is
sampled in one experiment.

3 Computational details

Ground-state geometries were optimized using the MP2 level
of theory and the TZVPP basis set.'®!" Excited-state properties
were calculated using the linear-response CC2 coupled-cluster
model'”> and the aug-cc-pVDZ basis set,'® if not denoted
otherwise. These calculations were done with turbomole code.'*

CC2 has been successfully applied to p-nitrophenolates of different
sizes before.” To validate the CC2 results for the meta isomer and
study solvent shifts, the ab initio multi-reference method SORCI'>
was used in combination with the aug-cc-pVDZ basis set and
the SV(P) basis set'®!""!* augmented with diffuse functions of
the aug-cc-pVDZ set, as implemented in the ORCA program
package.'® The MR-DDCI2 calculation that produces the
average natural orbitals employed a CAS(6,4) reference of
the frontier m orbitals, truncated with T, = 1073, In the final
MR-DDCI3+ Q calculation, the entire m-electron system is
included in a RAS(12: 5 2 /2/ 3 2) reference. Thresholds 7T\,
and Ty were both set to 107% For calculations of solvent
shifts, geometries were optimized in the presence of the
COSMO reaction field, using the PBEO hybrid functional'’
and the TZVP basis set.'®!" Electron vertical detachment
energies (VDE) at the CCSD(T) level of theory were calculated
using the aug-cc-pVDZ basis set and the ORCA code.'®

TDDFT absorption energies can be found in the ESI¥, but will
not be discussed, as both pure and hybrid functionals are not
applicable due to the varying CT character of the relevant states.

For natural population analysis of the RHF wave function,
Gaussian03 was used.'

4 Results

4.1 Gas-phase spectra

Fig. 1 shows the absorption spectra of the three nitrophenolate
isomers in vacuo, as obtained from the two experimental setups,
together with the results of theoretical calculations at the CC2
level. The two experiments resolve different features of the
absorption spectrum, each of which would lead to different
conclusions when considered alone. The ELISA spectra of
the three isomers show one broad band that peaks at 393 nm
(3.15 eV, para), 363 nm (3.42 eV, meta), and 399 nm (3.11 eV,
ortho), respectively. The spectra obtained from the combined
fragment ion yields in the Sepl experiment differ in several
aspects. The para- and ortho-isomer spectra show bands peaking
at 434 nm (2.86 eV) and 453 nm (2.74 eV), respectively, hence
are significantly red-shifted compared to the ELISA spectra.
The meta-isomer spectrum shows a very broad band peaking
at 532 nm (2.33 eV), which is not resolved in the ELISA spectrum
and is strongly red-shifted compared to the bands of para and
ortho isomers. This is in contrast to the blue-shifted feature
visible in the ELISA spectrum of the meta isomer. The neutral
and fragment ion yields are arbitrarily scaled, hence the relative
intensities of the features are unknown.

In the ELISA data for the meta isomer, the 532 nm (2.33 ¢V)
band cannot be distinguished from the background counts. In
the case of the para and ortho isomers, neither experiment
detects absorption for wavelengths longer than 500 nm (2.48 eV).
The lowest band in these two isomers shows the same onset in
both experiments, but is broadened and/or red-shifted in the
Sepl experiment, which does not cover the entire band due to the
wavelength limitation.

Theoretical calculations at the CC2 level find only one low-lying
dipole-allowed transition for the para and the ortho isomer. Its
energy reproduces the absorption maximum of the ELISA
spectrum with great accuracy. This allows a safe assignment of
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Fig. 1 Measured and calculated absorption spectra of the nitrophenolate
isomers in vacuo. Neutral yields from the ELISA experiment are compared
with joined fragment ion yields from the Sepl experiment and theoretical
excitation energies. Theoretical vertical detachment energies from Table 2
are indicated by orange lines.

the experimental band to the Sy—S, transition. The S; state is
dominated by the n—r* singly-excited configuration involving
the frontier © orbitals. The oscillator strength is smaller for the
ortho isomer by a factor of three.

The theoretical spectrum of m-nitrophenolate agrees perfectly
with the Sepl spectrum, but does not reproduce the feature that
dominates the ELISA spectrum. Vertical excitation into the S,
state, which is the lowest n—t* excited state, like in the other two
isomers, is predicted at 515 nm (2.41 eV), with an oscillator strength
(0.03) smaller by a factor of 5-7 compared to the ortho isomer.
Hence, the Sy—S; excitation in m-nitrophenolate is predicted to be
weak and significantly red-shifted. The reason for this redshift and
the differences in the experimental data will be discussed below.

Theoretical calculations at the DFT and MP2 level yield
planar para and meta isomers. For ortho, MP2/TZVPP finds a
non-planar minimum 0.4 kcal mol™' below the planar transition
state. Due to the flatness of the potential energy surface,
the O-N-C-C dihedral angle depends strongly on the method
(HF: 4°, PBEO: 13°, PBE: 18°, MP2/aug-cc-pVTZ: 26°). In the
MP2/TZVPP geometry, used for the spectra calculations, the
dihedral is 31° and thus somewhat larger than that at the basis set
limit of MP2. The effect of non-planarity on the spectrum,
however, is limited. As shown in Fig. 1, the S; excitation is
red-shifted by 0.11 eV (14 nm) and an energetically close n—r*
transition, which is dipole forbidden in the planar geometry,
borrows some oscillator strength from the n—n* state.

excitation energy (eV)
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Fig. 2 Absorption spectrum of m-nitrophenolate in vacuo. The CC2/
aug-cc-pVDZ results are based on geometries with varying twist angle
of the nitro group.

The theoretical spectra also show two strong transitions to
resonant states above the ionization threshold (see Table 2 for
VDE’s), which are missing in the ELISA spectra. In all three
systems, there is a dipole-forbidden n—n* state below the VDE.

To test whether non-planarity affects states in the region of
the experimental absorption spectra of m-nitrophenolate, we
performed CC2 calculations on geometries with varying
O-N-C—C dihedral (Fig. 2). With increasing twist, the So—S;
transition is blue-shifted, reaching 472 nm (2.63 eV) at 45°,
which is still far lower in energy than the prominent feature in
the ELISA spectrum. Further twist is energetically prohibitive
and has little effect on the excitation energies. Note that the
oscillator strength of the Sy—S; transition does not change with
non-planarity and that the n—n* transition is still not visible.
Therefore, we exclude the possibility of a strongly blue-shifted
S, state due to non-planarity at room temperature. The latter
rather leads to a broadening of the spectrum, as can be seen in
the solution spectrum (see below).

4.2 Solution spectra

Absorption spectra of the three isomers in acetonitrile solution
are shown in Fig. 3, together with the computed gas-phase line
spectra. The lowest band maxima are located at 430 nm (2.88 eV,
para), 473 nm (2.62 eV, meta), and 443 nm (2.80 eV, ortho),
respectively. Furthermore, three bands are visible in the near-UV,
which are not observed in the gas-phase experiment.

Apart from the expected solvent shifts, the experimental
solution spectra agree surprisingly well with the theoretical
gas-phase spectra, including the meta isomer. Both energies
and oscillator strengths are reproduced for the S; state as
well as for the states in the near-UV region (experimental
absorptivities are arbitrarily scaled). In particular, the m-nitro-
phenolate solution spectrum confirms the red-shifted and
weak S; transition, which is visible in the Sepl spectrum and
predicted by theory. Note that the S; band and the second
peak in the near-UV band are red-shifted compared to the
theoretical excitation energies for the ortho and para isomers.
For m-nitrophenolate, a small blueshift occurs.

4.3 Theoretical solvent models for m-nitrophenolate

To further elucidate the discrepancies for the meta isomer
between the ELISA data on the one hand and the theoretical
gas-phase and experimental solvent and Sepl gas-phase spectra
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Fig. 3 Experimental absorption spectra of nitrophenolate isomers in
acetonitrile (sodium salts; obtained using sodium zert-butoxide as base).
Theoretical line spectra (gas phase) are superimposed, for comparison.

on the other hand, we theoretically modeled the solvent effect
on the Si—S; absorption energy using a series of solvent models.
For a number of 1-7 explicit solvent molecules, the lowest energy
complex was determined using molecular dynamics and geometry
optimization techniques. The bulk solvent was represented by the
conductor-like screening model (COSMO). Table 1 shows the
S, excitation energies with and without the COSMO reaction
field. Tt also shows the total binding energy EQM, of the
acetonitrile molecules to the complex within the COSMO
medium. EZN, accounts for effects missing in the COSMO
model, like H-bond formation and QM effects. For 1-3 solvent
molecules, the binding energies are largest for salt bridges to the
phenolate group, which accepts up to 4 direct hydrogen bonds. Salt
bridges to the nitro group are weak (O-H distance of 2.4-2.5 A)
and only two solvent molecules are bound simultaneously.

By excluding the bulk solvent from the calculation, the effect
of microsolvation can be studied. As is expected from the
excitation-induced CT (vide infra), hypsochromic shifts result
each time when additional acetonitrile molecules are binding
to the phenolate group (see Fig. 4). Salt bridges to the nitro
group, in contrast, lead to bathochromic shifts. The picture

Table 1 SORCI S, excitation energies of m-nitrophenolate in
acetonitrile”

SieV) ypE
Ns N2 NNS*  EQM (kcal mol™')  Vacuum COSMO  (eV)
0 0 0 0.0 2.13 2.46 495
1 1 0 -0.9 2.15 2.30 5.01
2 2 0 —-1.7 2.26 2.25 5.06
3 3 0 -2.3 2.37 2.15 5.13
4 3 1 —2.6 2.20 2.13 5.14
5 3 2 -2.9 2.05 2.15 5.15
6 4 2 -33 2.35 2.25 5.16
7 4 2 -39 2.37 2.23 5.40

“ Columns 1-3 contain the number of explicit solvent molecules,
hydrogen bonds to the phenolate and to the nitro group. The bulk
solvent is either excluded (vacuum) or represented by the COSMO model.
All geometries were optimized in the presence of the COSMO reaction
field. EQY, is the binding energy inside the COSMO medium (no BSSE
correction), which would be zero if the solvent model was exact.
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Fig. 4 SORCI S; excitation energies of m-nitrophenolate in acetoni-
trile: dependence on the number of explicit solvent molecules. The
number of hydrogen bonds to the phenolate and nitro group are
depicted. All geometries were optimized in the presence of the COS-
MO reaction field.

changes when the bulk solvent is included (COSMO). The S,
energy converges rapidly to a value slightly above that
obtained from the gas-phase calculation. Note that no explicit
counter ion was included in the calculations. This procedure is
justified by two observations. (1) In strongly polar solvents,
the shift is widely independent from the exact position of the
counter ion. (2) As reported previously,? the hypsochromic
solvent shift of nitrophenolates in acetonitrile is grossly over-
estimated when including the counter ion explicitly but not
any solvent molecules. Thus, including the counterion would
not improve the convergence of the mixed QM/COSMO
solvent model.

5 Discussion
5.1 Differences in the two gas-phase experiments

Different from the case of the meta isomer, the data from the
ELISA and the Sepl setups are consistent for p- and o-nitro-
phenolate, but the redshift in the Sepl spectrum calls for an
explanation and can be related to the different fragmentation
processes and time windows monitored in the two setups.

The ELISA setup uses a weak laser field and measures
neutrals produced essentially after 1-photon absorption, either
due to slow fragmentation or electron autodetachment from
the vibrationally hot ground state. The resulting spectrum may
be quenched towards longer wavelengths if the the photon
energy is insufficient to overcome the fragmentation barrier
and the ionization threshold. For short wavelengths, i.e., energies
above the ionization threshold, fast electron detachment from
excited resonance states may compete with internal conversion
(IC) and quench the signal, because the neutrals would be
produced before being deflected to the detection lap of the
storage ring. The same applies to excited-state or fast ground-
state fragmentation processes.

The Sepl setup only detects fast dissociation channels,
which result predominantly from the non-coherent absorption
of two photons (Fig. S4 in ESIY), where the ns pulse duration
allows for IC and vibrational energy redistribution, according
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to mechanism (1). The Sepl spectrum should therefore be
associated with the convolution of the 1-photon cross-sections
of the vibrationally hot and cold systems. This is not to be
confused with coherent two-photon absorption processes
where the photon energy is half the excitation energy.

A A S A A S A

Neither neutrals nor free electrons are detected in the Sepl
experiment. Therefore, the Sepl spectrum may be quenched by
electron detachment, even below the ionization threshold,
owing to the excess energy of the two absorbed photons.
The electron detachment can occur (a) from the vibrationally
hot excited state (A, " — A° + ), competing with IC, or (b)
as slow autodetachment from the vibrationally hot ground state
A, — A° 4+ ¢7). Mechanism (b) has been suggested before to
explain photodetachment spectra below the ionization threshold.'®
Mechanism (a) might be relevant in the case of a resonance
enhancement of the coupling between continuum and strongly
allowed valence states, e.g., when the VDE is close to the vertical
excitation energy of the S-S, transition, as is the case for p-
and o-nitrophenolate (see Table 2). This has been suggested to
explain sub-microsecond decay of photoexcited anions of a
model chromophore (pCA™) of the photoactive yellow protein
(PYP)." The PYP chromophore has quite similar electronic
properties with its frontier m orbitals partially localized on the
donor (phenolate) and acceptor (propenoic acid) groups. Pump-—
probe experiments on another model of the PYP chromophore
found evidence for the competition between IC and electron
detachment at the ps timescale for the decay of a resonant state
near the ionization threshold.”® On the other hand, IC was found
after excitation into resonant states.”'

The signal in the Sepl experiment may also be quenched by
electron detachment after single-photon absorption (A™* —
A° + ¢7). This process would be relevant for photon energies
above the adiabatic detachment energy if IC is slow and
the excited state is close to the continuum, which is the case
for p- and o-nitrophenolate. This mechanism would best
explain the observed quenching of the So—S; absorption band
towards shorter wavelengths (Fig. 1).

It is interesting to compare our results with another recent
study on the methylated pCA~ model chromophore of PYP.?
Rocha-Rinza et al. measured the gas-phase absorption at
ELISA using a different setup that allows illumination and
neutral detection at the same lap of the ring, hence detecting
neutrals from both electron detachment and fragmentation.
The recorded spectra of different isomers show both valence
and resonance states, but no additional features due to direct

electron detachment, such as A~ ﬂAO +e~. In particular,
their meta spectrum shows no absorptivity in the region of
the VDE. This indicates that the direct ionization channel has
a negligible cross-section compared with that of transitions
into valence or resonance states.

5.2 Assignment of the S; state in m-nitrophenolate

When we associate the lowest band in the experimental solution
spectrum with the band resolved in the Sepl experiment, we
obtain a hypsochromic solvent shift of +0.24 eV for acetonitrile.
Our calculations predict a smaller shift of +0.05 eV, but this

error can easily be accounted for by the same effects that cause
the shifts in the yield maxima between the two experimental
setups (see Section 5.1) and by the expected errors of the
computational model (basis-set superposition and size-consis-
tency errors). In view of the agreement between the theoretical
calculations, the Sepl data, the experimental solution spectra,
and the small predicted solvent effect, we conclude that the
532 nm (2.33 eV) absorption band in the Sepl spectrum
originates from the Sy—S; transition, whereas the dominant
feature in the ELISA spectrum must be of different origin.

Rigorous tests of the methodological approach support this
conclusion. The differences in the ground-state geometry of
the meta isomer, which will be discussed in the next section,
are confirmed at the DFT and at the CASSCEF level of theory
(see ESIT). Spectra calculated at the SORCI level of theory
corroborate the CC2 data, showing a constant redshift of the
S| and higher-lying n—n* states (see ESI).

In none of the gas-phase spectra, the higher-lying bright
resonant states are resolved that appear in the solution spectra
and the theoretical data. Therefore, it must be explained why
these bands do not appear in the gas-phase experiments with
the ortho and meta isomers. The most likely reasons are
rapid fragmentation and electron detachment, as discussed
in Section 5.1. The hypothesis of electron detachment is
supported by our calculations of the vertical detachment energies
(Table 2), e.g., 2.98 eV (416 nm) for the ortho isomer. As the
experimental spectrum extends to at least 3.65 eV (340 nm), IC
competes with autodetachment from the S, excited state in this
energy region. The same situation has been observed in a recent
study on the HBDI™ chromophore of the green fluorescent
protein.?? Also in negatively charged DNA strands of adenine,
IC was found after excitation above the VDE.?!

In solution, the VDE is considerably higher, e.g., for
m-nitrophenolate in acetonitrile, employing the continuum-
electrostatic COSMO model, PBEO predicts a VDE of 4.95 eV
(250 nm). Adding the six QM MeCN molecules that form salt-
bridges to the chromophore, the VDE increases to 5.16 eV
(240 nm). An additional MeCN molecule on top of the ring
causes a further distinct blueshift. Completing the first solva-
tion shell, the VDE can be expected to exceed 5.6 eV (220 nm),
which is clearly above the intense bands in the near UV region
of the solution spectrum.

In the absence of the bright resonant states and a clear S,
absorption band, the ELISA spectrum of the meta isomer
lacks any reference for the absolute absorptivity and the
physical origin of the feature peaking at 363 nm (3.42 eV)

Table 2 Properties of the ground-state and the S; excitation of
nitrophenolate isomers®

Si (V) f |Awiol (D)  VDE (eV) OXBa ONpA*
para 3.21 0.53 5.2 3.33 0.25 0.61
meta  2.41 0.03 9.1 2.98 0.36 0.28
ortho 3.01 0.11 4.4 3.27 0.23 0.59

G.12)  (021) (.1

“ Excitation energies, oscillator strengths, and difference-dipole
moments from CC2. VDE from CCSD(T)/aug-cc-pVDZ (see Section 3).
NPA fragment charges (see text) from HF/TZVP. Values for the planar
(transition state) geometry of ortho are given in parentheses.
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remains unclear. Our CC2 calculations find a dipole-forbidden
resonant transition at 3.84 eV and transitions into diffuse
states that are strongly basis-set dependent (Fig. S8 in the
ESI¥), but any assignment to the feature peaking at 363 nm
would be highly speculative.

Also the action spectroscopic study on the PYP model
chromophore® investigated the substitution effect. For the
meta substitute, they find merely a weak and broad signal that
they associate with the S; state, as predicted by their CC2
calculations. In contrast to our ELISA spectrum, they resolve
higher-lying resonant states, which are also predicted by their
CC2 calculations. Different from our ELISA spectrum, their
meta-isomer spectrum does not show any absorbance in the
region between S; and the resonant states, and therefore shows
a good overall agreement with theory. As stated above, the
main difference in their experimental setup is the detection of
neutrals that are produced immediately after illumination,
including neutrals produced by electron detachment.

5.3 Origin of the strong substitution effect in m-nitrophenolate

In the following, we develop a rationale for the anomalous
properties of the S; state in the meta isomer and its relation to
the topology of the molecule. The ground state of the meta
isomer shows distinct differences in geometry (Fig. 5) and
charge distribution, which can be understood when considering
the canonical Lewis structures that dominate the ground-state
wave function (Fig. 6). To analyze the charge distribution,
Table 2 provides fragment charges obtained by summing the
atomic charges of a natural population analysis®* (NPA) of the
HF wave function. The energy of the aromatic structure, which
locates the excess charge on the phenolate oxygen, is essentially
independent of the isomer, as both substituents form a single
bond to the aromatic ring. The quinoid (or alternated) structure
that assigns the formal charge to the nitro group features one
additional bond and is thus more stable and dominates the
wave function of the para and ortho isomers. Correspondingly,
ca. 60% of the excess charge are located on the nitro group
(Table 2), which forms a relatively strong C—N bond. For the
topology of the meta isomer, this structure cannot be realized
due to the even number of bonds between the substituents. The
most stable alternated structures for m-nitrophenolate assign
the formal charge on ring carbons and form the triple resonance
indicated in Fig. 6. Structures with a negative nitro group
require two radical centers in the ring and therefore hardly
contribute. As a consequence, the NPA net charge in the nitro
group is merely —0.28 e, whereas the charge on the ring and on

Fig. 5 Calculated MP2 ground-state geometries of nitrophenolate
isomers.

o 0
NO, NO,
0 0 0 0
O, OO0 Q
NO, NO, NO, NO,
o 0
©/N02 ©4N05

Fig. 6 Aromatic and quinoid/alternated Lewis structures dominating
the ground state of nitrophenolates.

the phenolate oxygen is increased to 36% of the excess charge,
each. The bond length alternation is reduced in the ring and
enhanced in the nitro fragment.

The topology-related difference in the electronic structure is
reflected in the frontier m molecular orbitals. As shown in
Fig. 7, HOMO (LUMO) natural orbitals are more localized on
the phenolate (nitro) fragment, respectively. Therefore, the
So—S; excitation in m-nitrophenolate has more CT character
(see |App| in Table 2) and a strongly reduced transition-dipole
moment, compared to p- and o-nitrophenolate. The batho-
chromic shift in the m-nitrophenolate Sy—S; excitation originates
from the low energy of the “intrinsic”” CT state corresponding
to the phenolate—nitrobenzene donor—acceptor system. As a
model, consider p-biphenolate (see ref. 2): when rotating the
C-C bond connecting the nitrobenzene with the phenolate
from the planar to the perpendicular orientation, donor and
acceptor systems are fully separated. This shifts the CC2 S,
excitation energy from 2.23 to 1.60 eV. The locally-excited
states of nitrobenzene (phenolate) in contrast, are located at
4.5 (4.0) eV, respectively, employing the same level of theory.

para

meta

ortho

Fig. 7 Frontier natural orbitals from the state-averaged (So and S;)
MR-DDCI2 density matrix. From top to bottom: p-, m-, o-nitrophenolate.
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6 Conclusions

We studied the optical absorption properties of p-, m-, and
o-nitrophenolate in vacuo and in bulk solution. Due to the
different topology and the emerging resonance structures, the
meta isomer features widely decoupled donor and acceptor
regions, whereas the donor HOMO and acceptor LUMO
are strongly mixed in the para and ortho isomers. As a
consequence, the Sp—S; excitation, which is characterized by
a HOMO-LUMO n—rt* excitation in all three cases, is strongly
red-shifted in the meta isomer, carries little oscillator strength,
and has a strong CT character. Different from previously
studied push—pull systems, like the anionic PYP chromophore
pCA~,? this does not necessarily lead to a strong solvent shift
for the meta isomer, because donor and acceptor regions share
the negative excess charge, which is stabilized by the solvent on
both fragments. In acetonitrile, e.g., the nitro group is better
solvated than the phenolate group in the para and ortho
isomers, leading to strong bathochromic shifts, whereas the
opposite applies to the meta isomer, which shows a smaller
hypsochromic shift.

Our comparison of data from two different experimental
setups demonstrates the potential problems involved in photo-
destruction spectroscopy with limitations in the energy- or
time-window for detection of the fragmentation channels. In
the case of the meta-isomer, the ELISA spectrum lacks the
expected strong absorption bands of the resonant transitions
and does not resolve the weak Sy—S; band. This calls for
further experiments to resolve the complete gas-phase UV-vis
spectrum of m-nitrophenolate and accommodate the observed
feature in the 363 nm region.
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ABSTRACT: Many biochromophore anions located
within protein pockets display charge-transfer (CT)
transitions that are perturbed by the nearby environment,
such as water or amino acid residues. These anions often
contain the phenolate moiety as the electron donor and an
acceptor group that couples to the donor via a 7-
conjugated system. Here we show using action spectros-
copy that single molecules of water, methanol, and
acetonitrile cause blue shifts in the electronic transition
energy of the bare m-nitrophenolate anion by 0.22, 0.22,
and 0.12 eV, respectively (uncertainty of 0.05 eV). These
shifts are similar to CC2-predicted ones and are in
accordance with the weaker binding to the phenolate end
of the ion by acetonitrile in comparison with water and
methanol. The nitro acceptor group is almost decoupled
from the phenolate donor, and this ion therefore
represents a good model for CT excitations of an anion.
We found that the shift caused by one acetonitrile
molecule is almost half of that experienced in bulk
acetonitrile solution, clearly emphasizing the important
role played by the microenvironment. In protic solvents,
the shifts are larger because of hydrogen bonds to the
phenolate oxygen. Finally, but not least, we provide
experimental data that serve to benchmark calculations of
excited states of ion—solvent complexes.

harge-transfer (CT) excitations play a significant role in

chemistry and biology. For example, organic donor—
acceptor compounds, which are characterized by CT excitations,
have found use as nonlinear optical (NLO) chromophores.1
Protein biochromophores such as the one from photoactive
yellow protein (PYP) undergo CT excitations,” while the
oxyluciferin anion responsible for light emission from fireflies
and located within the luciferase enzyme may be formed
biochemically in a CT excited state.®> In a CT excitation, an
electron (or, more appropriately, charge density) moves from
one part of the molecule (the donor) to another (the acceptor)
or from one molecule to another. The energy of CT excitations
strongly depends on the donor—acceptor coupling. At infinite
separation, the excitation energy is simply the difference between
the ionization energy of the donor and the electron affinity of the
acceptor, which is typically smaller than the energy of local
excitations on any of the moieties. Effective coupling via a 7-

7 ACS Publications  © 2013 American Chemical Society

6818

conjugated system allows the donor and acceptor states to
delocalize and overlap, which reduces the gap between the local
and CT excitations and gives oscillator strength to the latter.
Such CT transitions can often be identified in the absorption
spectrum from a strong dependence on solvent polarity. They
are, however, hard to predict theoretically; in particular, time-
dependent density functional theory (TDDFT) using local
exchange—correlation functionals generally fails.*®

An important question up for debate is the spectral shift caused
by a single solvent molecule or other hydrogen-bonding
interactions on a molecular anion that displays a CT
transition.”*"® The issue is of particular relevance for under-
standing the absorption by proteins in which a biochromophore
is located in a binding pocket that provides shielding against bulk
water. In this environment, specific interactions with immobile
waters or charged or polar groups can widely tune the optical
properties of the chromophore.” Often there is limited access to
water molecules, just one or two."° The shift in absorption caused
by a nearby water molecule depends on the character of the
electronic transition (i.e., the degree of CT) and the geometry of
the complex within the cavity. If a water molecule binds to the
negative donor site, a blue shift is expected for a CT transition on
the basis of simple electrostatic reasoning, since the interaction
energy between the donor site and the water is lowered upon
electron transfer to the acceptor site. The shift cannot be higher
than the solvent binding energy unless the solvent molecule is
unbound in the excited state. On the other hand, the
polarizability is higher in the excited state than in the ground
state, which reduces the blue shift. As the energy for binding to
anions is larger than that to neutral chromophores, the
microenvironment is expected to be of larger importance for
anions, but the actual size of the induced shift by, say, a single
water molecule still needs to be better established experimen-
tally. This is the topic of the present work, in which we compared
experimental results with theoretical ones.

A textbook example of a donor—acceptor chromophore anion
is m-nitrophenolate (m™), in which phenolate is the donor group
and the nitro substituent is the acceptor group (Figure 1).
Phenolate is a common motif among biochromophores and
typically represents the donor state of these. In contrast to the
other two isomers, ortho and para, the phenolate anionic group is
widely decoupled from the nitro group in the meta isomer (see
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Figure 1. (a) Structure of the m-nitrophenolate anion. (b) Frontier
natural orbitals from the state-averaged (S, and S;) MR-DDCI2 density
matrix (data from ref 11).

the valence orbitals in Figure 1). For the ortho and para isomers,
there exists an important resonance structure in which the
negative charge is moved from the phenolate oxygen to the nitro
group, and as a result of this strong coupling between the donor
and acceptor states, the absorption is shifted much further to the
blue than for the isolated meta ion, as recently reported.'' Hence,
m™ is an excellent and well-defined model system for testing the
importance of microsolvation on the CT transition energy. Also
the ion is small enough to allow for high-level quantum-chemical
calculations and a benchmarking of these by comparison to
experimental results. Here we report the results from a joint
spectroscopic and theoretical characterization of m-nitro-
phenolate with a single water, methanol, or acetonitrile molecule
attached. Water and methanol can make hydrogen bonds to the
phenolate oxygen, while acetonitrile binds more as a dipole.

We note that gas-phase electronic absorption spectroscopy has
earlier been done on several microsolvated protonated molecules
such as am1n0 acids, crystal violet, and polycyclic aromatic
hydrocarbons as well as metal cations and metal-ion
complexes."® Also the cross sections for photodetachment as
functions of wavelength have been measured for anion
complexes,'* as have photodestruction spectra of hydrated
electron clusters.'®

Action spectroscopy experiments were done in the present
work with a home-built mass spectrometer.'® m-Nitrophenolate
was purchased from Sigma-Aldrich, and ions were formed by
electrospray ionization of the sample dissolved in acetonitrile.
They were passed through an octopole transmission guide
surrounded by a chamber with a gas inlet, where they were
allowed to undergo ion—molecule reactions. The chamber was
filled with water, methanol, or acetonitrile at a pressure of at least
0.01 mbar. All ions were collected in a 14-pole ion trap filled with
helium buffer gas at room temperature. The trap was emptied
with a repetition rate of 40 Hz, and the ion bunches were
accelerated to kinetic energies of S0 keV. Those of interest
according to m/z ratio were selected by a bending magnet, and
every second ion bunch was photoexcited by light from an
EKSPLA laser system operated at 20 Hz. In this laser system, the
1064 nm fundamental of an Nd:YAG laser was frequency-tripled
to give 355 nm light, which was used to pump an optical
parametric oscillator to produce visible light. Photofragment ions
were selected by a hemispherical electrostatic analyzer (ESA)
and counted by a channeltron detector. As the binding energies
of the complexes are less than 1 eV (vide infra), the dissociation is
expected to be complete before arrival at the analyzer (travel time
of a couple of microseconds), avoiding kinetic shifts for which
corrections must be made in cases where the dissociation time
constant is long. Thus, even though the yield of complexes is low,
the experiment benefits from complete photodissociation. We
measured a low yield of fragment ions when the laser was off,
which was due to collisions with residual gas in the beamline.
This signal was proportional to the parent ion beam current but
was too low to correct for ion-beam fluctuations. The experiment
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was therefore repeated several times to average out these
fluctuations. The “laser-oft” signal was, however, subtracted from
the “laser-on” signal to obtain a pure photoinduced yield of
fragment ions. The laser wavelength was scanned from 420 to
700 nm. At each wavelength, the number of injections was at least
500.

Photodissociation of the bare m™ ion led to several fragment
ions (Figure 2a) that were formed after the absorption of two
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Figure 2. Photodissociation mass spectra of (a) bare m~ and (b)
m~(CH;CN) obtained with 510 and 500 nm light, respectively.
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photons. The dominant fragment ions were NO,™ (m/z 46) and
ions formed by the loss of NO (m/z 108), NO, (m/z 92), or CO
and NO (m/z 80). Photodissociation mass spectra of the
complexes of m~ with a solvent molecule [denoted as
m~(solvent)] were also recorded to identify the fragment ions.
The most dominant fragment was the bare ion (m/z 138) formed
by evaporation of the solvent molecule [e.g., for m~(CH;CN),
see Figure 2b]. Its yield increased linearly with laser power [see
the Supporting Information (SI)], and one photon was therefore
sufficient for the dissociation. This indicates that the dissociation
energies are less than the photon energies (>2 eV). Indeed, the
solvent binding energies calculated using DFT (PBEO functional,
aug-cc-pVDZ basis set; see Table S1 in the SI) were 0.64, 0.71,
and 0.55 eV for water, methanol, and acetonitrile, respectively.
These calculations were performed with TURBOMOLE 7
Similar binding energies were predicted by Zuev et al’ for
complexes of water with the PYP and green fluorescent protein
(GFP) anions in their phenolate forms. When zero-point
vibrational energy and corrections for the basis-set superposition
error were included,'® we obtained binding energies of 0.54, 0.65,
and 0.50eV, respectively. For a simple dissociation process in
which one bond is cleaved, the barrier for the reverse reaction is
low or zero. Hence, the dissociation energy is similar to the
activation energy, and the excess energy after photoexcitation is
at least 1 eV (photon energy minus dissociation energy). It can
therefore be assumed that all of the photoexcited ions dissociated
within the experimental time window of a few microseconds. The
action spectra of the complexes are therefore good representa-
tions of the corresponding gas-phase absorption spectra.
Photoexcitation of m~(CH;OH) at high laser power also led to
OH loss and dissociation of the nitrophenolate ion via two-
photon processes.

The action spectra of the complexes are shown in Figure 3
together with the previously reported spectrum for the bare
ion."" The band maxima and shifts relative to the bare ion are
summarized in Table 1. The bare ion absorbs maximally at 2.34
eV (530 nm), and it is clearly evident that a single solvent
molecule causes a blue shift in the absorption. It is worth
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Figure 3. Action spectra of (a) bare m~, (b) m (H,0), (c)
m~(CH;OH), and (d) m~(CH,CN). Gaussian curves are included to

guide the eye. The red sticks show CC2-calculated values. The blue
dashed curve in (d) is the spectrum in bulk acetonitrile solution.

Table 1. Absorption Band Maxima (4,,,,) and Shifts from the
Bare Ion (A)

Ao (am)® A (eV)® A (eV)* A (eV)? A (eV)?

ion

m” 530 234 241

m~(H,0) 485 2.56 022 2.65 0.2
m~(CH;0H) 485 2.56 0.22 2.67 0.26
m~(CH,CN) 508 246 0.12 2.58 0.17

“From experiment (Figure 3). "CC2-calculated.

emphasizing that the band shapes of the bare ion and the
complexes are very similar and can be approximated by
Gaussians with band widths of ~0.4 eV.

The shifts for water and methanol are the same [0.22 eV (45
nm)], and that for acetonitrile is about a factor of 2 smaller [0.12
eV (25 nm)]. In all three cases, the solvatochromic shift is merely
a fraction of the solvent binding energy, with that of acetonitrile
being the smallest (24%). Obviously, the strong hydrogen bonds
formed with water and methanol (Figure 4) cause a stronger
perturbation of the electronic structure of the chromophore than
the interaction with acetonitrile. The latter still achieves a
comparable binding energy, as it has the largest dipole moment

‘fj.sa

P > 2

/ 2.00

1.69 &

Figure 4. Minimum-energy structures of m~(H,0), m~(CH;0H), and
m~(CH,;CN) calculated at the MP2 level using the TZVPP basis set.
Hydrogen-bond distances in A are given.
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and polarizability. Water has a slightly larger dipole moment than
methanol, whereas methanol has a larger polarizability and forms
a slightly stronger hydrogen bond (Figure 4), but the shifts are
similar.

We also calculated vertical excitation energies at the CC2 level
of theory using the optimized structures shown in Figure 4 (see
Table 1). For the bare ion as well as the three complexes, the
obtained values are ~0.1 eV higher in energy than the
experimental absorption maxima, but the solvation shifts agree
rather well (0.25, 0.26, and 0.17 eV for water, methanol, and
acetonitrile, respectively). This result is satisfactory; the
deviation of 0.1 eV is within the typical error of the CC2
method."” Moreover, an inhomogeneous line broadening can be
expected because of the orientational flexibility of the solvent
molecule at room temperature, which is not taken into account
by the calculations. We note that in the case of water binding to
the PYP anion, Krylov and co-workers® predicted a blue shift of
0.06 eV for the phenolate (electron donor) site and a red shift of
0.07 eV when water binds to the carboxyl group. When we placed
the solvent molecule at the nitro group of m~, we obtained red
shifts of 0.27 and 0.25 eV for methanol and acetonitrile,
respectively, demonstrating the strong CT character of the
electronic transition in m™~ compared with that in the PYP anion.
Figure S4 in the SI shows that the density changes upon
excitation are essentially localized on the phenolate oxygen and
the nitro group. This is consistent with the observed strong
perturbation due to hydrogen bonds.

In bulk acetonitrile solution, the absorption band maximum is
at 2.62 eV (473 nm), which represents a blue shift of 0.28 eV
relative to the bare ion. Interestingly, almost half of this shift is
caused by a single solvent molecule, which clearly demonstrates
the importance of the nearby environment on the electronic
structure of the ions. In the protic solvents water and methanol,
the band maxima are at 3.18 eV (390 nm) and 3.20 eV (387 nm),
respectively. Hence, full completion of the solvation shell in these
two solvents induces a larger blue shift than in acetonitrile. This is
most likely linked to the fact that the phenolate oxygen can
hydrogen-bond to two or three water or methanol molecules,
rendering a CT excitation less favorable.

Finally, we did measurements on the bare m™ ion at another
setup, the electrostatic ion storage ring in Aarhus (ELISA), where
neutrals were measured instead of ionic fragments.”® Ton
bunches were stored in the ring for 24 ms before being irradiated
with laser light. Neutrals produced within ~10 us were counted
by a secondary emission detector (SED). The obtained yield of
photoneutrals as a function of wavelength is shown in Figure 5
together with the spectrum from Figure 3. The spectra follow
each other nicely on the low-energy side from ~2.3 eV and down.
In the 2.4—2.7 eV region, the yield of photoneutrals decreases
with energy, but the relative yield is higher than in the
photofragment ion experiment. At higher energies, the yield
increases. A power dependence study at 2.95 eV (420 nm)
revealed that the signal is mainly due to the absorption of two
photons, though some contribution from one-photon absorption
cannot be excluded (see the SI). We calculated the vertical
detachment energy to be 2.98 eV, and we assign the signal to
electron photodetachment of hot m™ anions, as this would
account for the asymmetry of the absorption band and a skewing
toward the blue. The band maximum from this experiment is at
~24 eV. Taken together, we estimate the experimental
uncertainty in the band maximum to be 0.0S eV.

In conclusion, we have shown that the attachment of single
solvent molecules of water, methanol, and acetonitrile causes

dx.doi.org/10.1021/ja4025275 | J. Am. Chem. Soc. 2013, 135, 6818—6821




Journal of the American Chemical Society

Communication

Energy (eV)
28 26 24 22 2
e T —
20 & * MNeutral fragments ]
= F SED neutrals —
-

= \
c Lo
345 _.‘\ o Fragment ions -

s -
g LAY —
= Jf'\ . ESA
2 L] =—s] Channeltron
=10 . ‘thoo . iad 4
g st
g
o
205
£
o

0.0 =

L L L
500 550 600
Wavelength (nm)

650

Figure S. Action spectra of m™ recorded at two different setups. Solid
circles: Photoneutrals were counted by an SED right after photo-
excitation in a storage ring. A straight line fits the data at high energies.
Open circles: Photodissociation followed by deflection of fragment ions
in an ESA (same as Figure 3a).

blue shifts in the electronic absorption of m-nitrophenolate by
0.22, 0.22, and 0.12 €V, respectively (uncertainty of 0.05 eV).
The CC2-calculated vertical excitation energies differ by ~0.1 eV
from the experimental absorption maxima, but the predicted
shifts for the complexes relative to the bare ion are nearly
identical to the experimental ones. The smaller shift found for
acetonitrile is ascribed to a weaker interaction with the electron-
donating oxygen, which results in a smaller perturbation of the
CT excitation energy. Interestingly, a single acetonitrile molecule
provides nearly half of the solvent shift seen in bulk solution. Our
data provide clear benchmarks for theoretical calculations of CT
excitation energies of weakly bound ion—molecule complexes.
This is highly relevant to shed light on the shifts induced by single
water molecules or amino acid residues on biochromophore
anions in protein pockets. Future work will address the role of
stepwise solvation, which is an experimental challenge because of
very low ion beam currents.
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ABSTRACT: Many photoactive biomolecules are anions and exhibit = Single solvent molecule
ar* optical transitions but with a degree of charge transfer (CT) ©

character determined by the local environment. The phenolate moiety
is a common structural motif among biochromophores and
luminophores, and nitrophenolates are good model systems because
the nitro substituent allows for CT-like transitions. Here we report
gas-phase absorption spectra of o- and p-nitrophenolate-H,O
complexes to decipher the effect of just one H,O and compare
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them with ab initio calculations of vertical excitation energies. The

experimental band maximum is at 3.01 and 3.00 eV for ortho and para isomers, respectively, and is red-shifted by 0.10 and 0.13
eV relative to the bare ions, respectively. These shifts indicate that the transition has become more CT-like because of
localization of negative charge on the phenolate oxygen, i.e., diminished delocalization of the negative excess charge. However,
the transition bears less CT than that of m-nitrophenolate-H,O because this complex absorbs further to the red (2.56 eV). Our
work emphasizes the importance of local perturbations: one water causes a larger shift than experienced in bulk for para isomer
and almost the full shift for ortho isomer. Predicting microenvironmental effects in the boundary between CT and non-CT with
high accuracy is nontrivial. However, in agreement with experiment, our calculations show a competition between the effects of
electronic delocalization and electrostatic interaction with the solvent molecule. As a result, the excitation energy of ortho and
para isomers is less sensitive to hydration than that of the meta isomer because donor and acceptor orbitals are only weakly

coupled in the meta isomer.

B INTRODUCTION

In freshman chemistry courses students are taught that an
increase in electron delocalization within a molecule results in a
lower gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO); this is directly evident from molecular orbital
diagrams or the simple electron-in-a-box model with increasing
box lengths. These models nicely explain why the absorption
band redshifts in the series ethylene, 1,3-butadiene, 1,3,5-
hexatriene, etc. However, it is not always this simple: while the
absorption by neutral polycyclic aromatic hydrocarbons
(PAHSs) duly redshifts with molecular size, a similar trend is
not seen for the protonated linear analogues because those with
an even number of aromatic rings display pronounced charge-
transfer (CT) character (and therefore absorb further to the red
than their size justifies), as beautifully demonstrated by Jouvet
and co-workers." Likewise, a decrease in delocalization due to,
for example, microsolvation may actually lead to a lower
excitation energy (red-shifted absorption band) if the electronic
transition changes character and becomes CT-like (Figure 1).2
Hence, a description of HOMO—-LUMO gaps based only on
electron delocalization is insufficient, and qualitative reasoning

7 ACS Publications  © 2015 American Chemical Society

is difficult because different effects can shift gap energies in
opposite directions with unknown relative importance. Another
issue to consider in the case of protonated species is internal
proton transfer to the solvent molecules in the ground state
when the solvent cluster is large enough.3’4 Altogether, it
implies that it is in general nontrivial to predict the effect of
microsolvation or other perturbations on transition energies.

The effect of a nearby environment is of particular
importance for biochromophores located within protein
pockets where there are a limited number of interactions
with water molecules or amino acid residues. Examples include
the chromophores of the green fluorescent protein (GFP) and
the photoactive yellow protein (PYP)*™'* and the oxyluciferin
luminophore located within the luciferase enzyme and
responsible for light emission from fireflies;"* '€ the phenolate
moiety is a common structural motif for all three in their
anionic forms.
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Figure 1. Left panel: HOMO and LUMO for p-nitrophenolate are
linear combinations of orbitals located on a phenolate group (denoted
donor) and a nitro group (acceptor) due to strong coupling (two
important resonance forms). The electronic transition is 7#7* where
the 7 and 7* states are fully delocalized. Right panel: A single water
molecule may decouple the two groups such that the HOMO becomes
more donor-like and the LUMO more acceptor-like, simply because
the contribution of the resonance form with the electron on the NO,
group, remotely located from the water, becomes insignificant. The
zm* transition is now CT-like as electron density moves from one end
of the molecule to the other.

As simple model systems for photoactive biomolecules we
have studied o-, m-, and p-nitrophenolate isolated in vacuo
using specialized mass spectroscopy equipment built in
Aarhus."” The HOMO and the LUMO are delocalized over
the whole molecular anion in the former and latter cases
(Figure 1) while the meta isomer displays CT-like excitation.
This conclusion was reached from the meta isomer absorbing to
the red of ortho (o) and para (p) isomers despite a lower
electron delocalization (a resonance form where the electron is
moved from the phenolate oxygen to the nitrogen group is not
allowed in the ground state for meta isomer); the redshift is
0.77 and 0.81 eV compared to ortho and para isomers,
respectively. We also established that a single water molecule
attached to the meta phenolate oxygen blueshifts the absorption
by 0.22 eV, because upon excitation, the interaction between
the water dipole and the center of excess charge is weakened as
the latter moves from the phenolate toward the nitro group, i.e.,
away from the water.'®

Now a compelling problem that remains to be resolved is
whether a single water molecule attached to either o or p causes
a redshift or a blueshift in the absorption. The water localizes
the negative charge at the phenolate oxygen and thereby
diminishes the importance of the Lewis resonance structure
that assigns the negative charge to the nitro group (Figure 1).
Ortho and para become meta-like so to speak, that is,
decoupling is similar to the situation occurring naturally in
the meta form, and a single water molecule should therefore
give a redshift in the absorption, by as much as 0.8 eV
(difference between bare ortho or para and bare meta).
However, the price of moving the electron away from the
phenolate oxygen and toward the nitro group also has to be
paid, and based on results for the meta isomer, this electrostatic
effect could be as much as 0.2 eV. Hence, we have two
opposing effects on the transition energies, and the actual shift
from the bare ion absorption is expected to be between —0.8
eV and +0.2 eV.

Here we address the effect of a single water molecule based
on gas-phase ion spectroscopy of complexes between o- and p-
nitrophenolate and water and theoretical calculations of excited
states.

B EXPERIMENTAL SECTION

It is difficult to measure the absorption spectrum of ions in
vacuo because of a too low ion density for traditional light
transmission experiments. Instead, the occurrence of light
absorption is monitored from ion dissociation (action spec-
troscopy). The yield of fragment ions as a function of the
wavelength of absorbed light is taken to represent the
absorption spectrum under the assumption that photoexcitation
leads to complete dissociation for all excitation energies within
the time window of the experiment and that the quantum yield
for light emission is independent of excitation energy. The
former is most easily fulfilled for weakly bound complexes, such
as those under study in this work.

The experimental setup (Figure 2) has been explained in
detail elsewhere.'”*" Briefly, ions were produced by electro-
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Figure 2. Top panel: Mass spectrometer setup (see text for details).
Middle panel: The ion source. Water vapor is let into the octopole to
produce jon—molecule complexes. Bottom panel: Illustration of the
home-built sum-frequency generator, where IR and visible light are
mixed in a BBO crystal to produce UV light. The delay line for the
1064 nm IR beam is for matching in time the visible beam from the
OPO. A Pellin—Broca prism is used to separate the two pump beams
from the generated beam.

spray ionization and subsequently trapped in an octopole for up
to 25 ms by pulsing a lens directly after the octopole. Residual
gas collisions cooled the ions to approximately room
temperature. Water vapor was let into the octopole region to
a pressure of 0.01—0.1 mbar to form ion—water complexes. All
ions were then accelerated to a kinetic energy of 50 keV, and
those of interest were selected according to their mass-to-
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charge ratio by an electromagnet. These then traveled along a
straight section where they interacted with a nanosecond-light
pulse from a pulsed laser. Photoexcitation led to dissociation
that was monitored by a hemispherical electrostatic analyzer
(kinetic energy per charge selector). The yield of the selected
fragment ion was counted by a channeltron detector. The time
window for fragmentation is a few microseconds.

The results shown in this paper are combined measurements
from two different wavelength regions. The main laser used is
an EKSPLA Q-switched nanosecond pulsed laser, where the
third harmonic of a Nd:YAG fundamental is used to pump an
optical parametric oscillator (OPO). The output range of the
OPO is 420—2300 nm. To produce light below 420 nm, we
constructed a sum-frequency generator (Figure 2). This setup
utilizes sum-frequency generation between the Nd:YAG
infrared (IR) fundamental (1064 nm) and the visible light
from the OPO, both originating from the same laser. The linear
polarization of the visible light is changed by /2 from passing
through a half-wave plate to allow type-I phase matching in a
barium borate (BBO) crystal. A Pellin—Broca prism is used for
separation of the IR fundamental, the OPO light, and the sum-
frequency light. Angle tuning of the BBO and the prism is
achieved by two stepper-motor-rotation stages controlled by a
LabView program. The output range of the sum-frequency
generation is 301—425 nm. The output powers of the OPO and
the sum-frequency setup are shown in Figure 3.

Energy [eV]

4 35 3 2.5 2
W T

300 [

Power [mW]
S
(=]

100 |

- L al PR S T - -
300 500 600 700
Wavelength [nm]

Figure 3. Laser power as a function of output wavelength. (a) Output
from sum-frequency generation multiplied by a factor of S. (b) Output
from the EKSPLA OPO (visible region). The pulse energy is the
power divided by the laser repetition rate (20 s™").

The repetition rates of the ion trap and the laser were 40 and
20 Hz, respectively. Hence, after each laser shot, we monitored
the background dissociation due to residual gas collisions or
unimolecular decay of metastable ions. This “laser-off” signal is
proportional to the ion-beam current but was too low in these
experiments to correct for fluctuations in ion current. Instead,
the experiment was repeated a number of times to average out
any such fluctuations. The laser-off signal was subtracted from
the “laser-on” signal, and the resultant signal was corrected for
the number of photons in the laser pulse.

B COMPUTATIONAL DETAILS

If not indicated otherwise, geometries were optimized with the
PBEO functional and aug-cc-pVDZ basis set using the
turbomole software.”’ Vertical excitation energies (VEEs)
were obtained with the CC2 coupled-cluster method,>” its
spin-component-scaled version SCS-CC2, the second-order

algebraic diagrammatic construction method ADC(2)*’
(turbomole), SORCL** and NEVPT2?* (orca®®). For the latter
two methods, a CASSCF(12,10) reference was used, which
includes the entire 7-system. The SORCI calculations start with
the CASSCF orbitals and a MRDDCI2 step (thresholds: Tore =
1073 Ty = 1075) to produce approximate two-state averaged
natural orbitals for the final MRDDCI3 calculation. All excited-
state calculations were performed with the aug-cc-pVDZ basis.
The models for bulk solution contained seven explicit water
molecules, forming H-bonds with the solute, and the COSMO
solvation model. The ADC(2)+COSMO excitation energies
were calculated self-consistently using the cc2cosmo script and
including off-diagonal contributions. Binding energies were
calculated with CCSD(T) and the aug-cc-pVTZ basis, on SCS-
MP2/aug-cc-pVDZ geometries and corrected for basis set
superposition error (BSSE; same level of theory) and zero-
point vibrational energy (ZPVE, from PBEO/aug-cc-pVTZ).
Vertical detachment energies were calculated with CCSD(T),
as in ref 17. Geometries and further results are provided in the
Supporting Information.

B RESULTS AND DISCUSSION

Photodissociation of the 0-H,O and p-H,O complexes results
in only one dominant fragment for each complex correspond-
ing to loss of water (fragment ion m/z = 138, see the
Supporting Information). The fragment ion yield increased
linearly with laser power (see the Supporting Information),
which indicates that dissociation is due to one-photon
absorption and therefore that the binding energy of the
complex is less than the photon energy (>2.5 eV). For p-H,0,
we calculated binding energies of 0.41 eV (H-bond to
phenolate) and 0.32 eV (H-bond to nitro group) (Figure 4).

Figure 4. Calculated (PBEO/aug-cc-pVDZ) structures of o-H,O, p-
H,0@PheO", and p-H,O0@NO,.

At room temperature, we therefore expect the first isomer to
strongly prevail in the ion beam (assuming that the limiting
barrier for moving the water from one end to the other is low
enough to allow for equilibrium to be established).
Interestingly, the binding energy is lower than that previously
calculated for the meta isomer (0.64 eV),® which indicates that
some of the negative charge in the para isomer is still on the
nitro group (the donor and acceptor orbitals are not fully
decoupled). This is in agreement with absorption spectra to be
discussed later. For 0-H,O, the water binds to both groups but
forms the stronger bond to the phenolate (Figure 4). Assuming
that there is no barrier for the reverse reaction, the excess
energy after photoexcitation is more than 2 eV (photon energy
minus dissociation energy), and it is therefore reasonable to
assume that the dissociation of the photoexcited ions occurs
within the time window of the experiment (a few micro-
seconds).
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Action spectra of the complexes are shown in Figure 5. These
were obtained as laser-on signal minus laser-off signal followed
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Figure S. Action spectra of (a) 0-H,O and (b) p-H,O. To help guide
the eye, a five-point average curve (gray) is superimposed on the data.
The blue curves are the absorbance spectra obtained in alkaline
aqueous solution (pH 10) (the pK, of both o-nitrophenol and p-
nitrophenol is 7.2). The thick red vertical lines in the bottom of the
spectra mark the CC2-calculated band maxima; the full lines are for
the water complexes; and the broken lines are for the bare
chromophores. The band maxima for the bare chromophores are
marked by the broken vertical lines that span the whole height of the
figures.

by a linear correction for the number of photons at each
wavelength. The band maximum is at 3.01 eV (412 nm) for o-
H,O (Figure Sa) and at 3.00 eV (413 nm) for p-H,0 (Figure
Sb).

It is evident that the water complexes absorb further to the
red than the bare chromophores. The redshift for the para
isomer [0.13 eV (17 nm)] is greater than that for the ortho
isomer [0.10 eV (13 nm)]. The fact that a redshift is seen can
be explained by the lesser degree of coupling between the
donor and acceptor orbitals in the complexes. Judged by the
calculated ground-state geometries (Figure 4), it is clear that
the overall perturbing effect of the water molecule for the ortho
isomer must be less than that for the para case because both the
donor and acceptor groups are in close proximity to the water;
this is in accordance with the measured redshifts.

For 0-H,0O and p-H,0, we calculated vertical detachment
energies of 3.75 and 3.83 eV, respectively, which is ca. 0.5 eV
higher than those reported for the bare anions.” Importantly,
these detachment energies are well above the absorption band
maxima by more than 0.7 eV, and electron detachment is
therefore not expected to be an important channel close to the
band maxima.

In aqueous solution, the absorption band maxima of 0 and p
are at 3.00 eV (415 nm, Figure Sa) and 3.11 eV (399 nm,
Figure Sb), respectively. Interestingly, for p the shift by one
single water molecule is larger than that after full hydration.
Indeed, the absorption by the bare ion and p(,q) is very similar;
full hydration redshifts the band by only 0.03 eV (4 nm). This
can easily be rationalized: in the fully hydrated ion, there are
water molecules both at the phenolate oxygen and the nitro

group, and the donor and acceptor orbitals are therefore
coupled, as they are in the bare ion. Interestingly, for the ortho
isomer, the shift corresponding to bulk solution can be ascribed
mainly to the effect from binding a single water molecule.

Furthermore, fully hydrated o absorbs to the red of p(,q). A
polarization effect can account for this: in general, an excited
state is more polarizable than a ground state, and movement of
electron density toward the water dipoles would bring down
the excited-state energy of o(,, (the dipoles at the phenolate
oxygen and the nitrogen group point in similar direction). A
movement of electron density in the para isomer would be
beneficial for some water molecules but not for others; the
water dipole moments are pointing in different directions at the
phenolate oxygen end and the nitro group end.

To see if theory can account for the observed hydration
effects, we performed a series of quantum chemical calculations
at various levels of theory. On the basis of the minimum-energy
geometries, representing the anions and their microhydrated
complexes at the 0 K limit (Figure 4), we calculated VEEs with
the CC2, ADC(2), SORCI, and NEVPT2 methods (summar-
ized in Table 1). The first three methods provide excitation

Table 1. Summary of Experimental Band Maxima and
Calculated Vertical Excitation Energies (in Electronvolts)

experimental A, cC2 ADC(2) SORCI  NEVPT2
o 3.11 3.15 3.02 3.00 324
0-H,0 3.01 3.20 3.06 3.05 3.29
0(aq) 3.00 2.76 2.96 3.16
P 3.16 327 3.10 3.11 3.38
pH,O 3.00 3.33 3.16 3.23 3.50
Pag) 3.11 2.77 298 3.25

energies that maximally differ by 025 eV compared to
experimental values, while the deviation is as much as 0.5 eV
for NEVPT2. All methods consistently predict a small blueshift
of both complexes compared to the solute in vacuo.
Nevertheless, this shift is much smaller than that earlier
reported for the meta isomer: 0.0S eV for ortho, 0.24 eV for
meta, and 0.06 eV for para (CC2 method). Hence, theory is in
accordance with a decoupling of donor and acceptor orbitals in
ortho and para isomers upon water attachment, accounting for a
shift that is smaller than that seen for the meta isomer. The
relative importance between decoupling (giving a redshift) and
loss of complex binding energy upon photoexcitation (electro-
static effect giving a blueshift) is, however, not correctly
predicted.

Krylov and co-workers'* reported on the effect of attachment
of a single water molecule to the isolated chromophore anions
of GFP and PYP proteins. They used as model systems
deprotonated 4-hydroxybenzylidene-2,3-dimethylimidazolinone
(HBDI) and deprotonated para-coumaric acid (pCA) to
represent the chromophores in GFP and PYP, respectively.
SOS-CIS(D)/cc-pVTZ-calculated VEEs for the HBDI anion
and EOM-EE-CCSD/6-31+G(d,p) ones for the pCA anion
revealed small blueshifts of 0.03 and 0.06 eV, respectively, due
to the water (in both cases phenolate form of chromophore).
These shifts are similar to what we calculate for o and p.

We also modeled the fully hydrated solute (see Computa-
tional Details). Full hydration yields a redshift relative to the
bare ion, which varies with the quantum chemistry method, but
in all cases is larger for p than for o (Table 1). As seen
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experimentally, theory predicts the absorption by o(,q) to be to
the red of p(,q).

To investigate how the microhydration affects the CT
character and energetics of the excitation, we consider the
individual components of the solvent shift, i.e, (1) the change
of the solute geometry, (2) the electrostatic interaction energy
between the solvent and the polarized solute (V**), and (3) the
electronic reorganization energy invested to polarize the solute
(EPR9). The geometry of the solute changes upon binding a
water molecule because of the localization of the excess charge
on the H-bond accepting group (Table 2). When the water in

Table 2. Calculated Bond Lengths (Angstroms) and SCS-
CC2/aug-cc-pVDZ Vertical Excitation Energies
(Electronvolts)“

C-0 C-N complex H,0 removed
0 1.265 1.451 3.09 (3.9)
0-H,0 1271 1.452 3.13 (4.1) 3.09 (3.9)
P 1.268 1425 3.18 (4.8)
p-H,O@Phe 1.280 1.434 324 (6.1) 3.17 (5.2)
p-H,0@NO, 1.264 1411 3.13 (3.0) 321 (4.0)

“Difference in dipole moments between excited and ground states,
[Apyl (D), are given in parentheses. Geometries were optimized with
SCS-MP2/aug-cc-pVDZ. Right column: bare solute with the same
geometry as in the complex.

p-H,O binds to the phenolate oxygen, the C—O and C—-N
bonds are stretched by 0.012 and 0.009 A, respectively, which
indicates that the first of the two resonance structures shown in
Figure 1 gains weight. The excitation calculated for the bare
solute with this displaced geometry shows a slightly increased
charge transfer, as measured by the difference in dipole
moment (last column in Table 2), but the expected redshift
amounts to merely 0.01 eV. The opposite applies when the
water binds to the nitro group. The difference in dipole
moments is reduced, and we obtain a blueshift of 0.03 eV.

To calculate the exact contributions of components 2 and 3,
we replace the water molecule by a set of point charges, as used
in the TIP3P water model. This neglects the potential effect of
charge transfer between solute and solvent but allows us to
calculate VES exactly, based on the relaxed CC2 ground- and
excited-state densities. If the water binds to the phenolate
group, VES contributes a blueshift of 0.07 eV, whereas EZRO is
nearly the same for ground and excited states, contributing only
—0.01 eV to the solvent shift. With the water binding to the
nitro group, we obtain —0.03 and —0.01 eV for VES and EERO,
respectively. An alternative decomposition that considers the
polarization energy (Supporting Information, Table S2) yields
the same trend. In summary, our calculations confirm a
decoupling of donor and acceptor states in the p-H,O complex,
but the predicted effect on the absorption energy is rather small
and overcompensated by the electrostatic interaction. The same
trends were obtained with CC2 using PBEO geometries (Table
S1, Supporting Information).

Bl CONCLUSIONS

We have shown that a single water molecule attached to o- and
p-nitrophenolate perturbs the electronic structure to produce a
redshift in the electronic transition of 0.10 and 0.13 eV,
respectively. This redshift is explained by a more CT-like
transition in the chromophore when a water molecule is
attached. Theory does not predict the correct direction of the

shift but does show that the electrostatic interaction between a
water molecule and the ion competes with decoupling of
acceptor and donor states, which is reflected in both bond
lengths and enhanced CT. This is in contrast to the meta
isomer where the addition of a water molecule hardly changes
the coupling, and the electrostatic effect therefore dominates
giving a large blueshift (according to both experiment and
theory).

Our results have provided important insights into the effects
of single water molecules or amino acid residues (serine or
threonine OH groups) on the absorption by biochromophores
containing the phenolate moiety. The next step would be to
follow the stepwise effect of attachment of water molecules to
p- The first few water molecules likely bind to the negative
charge end, decoupling donor and acceptor groups and thereby
causing gradual redshifts. As water starts to bind at the nitro
group, the absorption moves back toward the blue as the
coupling between the donor and acceptor groups is
reestablished. Future experiments are planned to test this
hypothesis but are difficult because of low ion beam currents.
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ABSTRACT: A complete understanding of the physics L
underlying the varied colors of firefly bioluminescence remains
elusive because it is difficult to disentangle different enzyme— e '

lumophore interactions. Experiments on isolated ions are
useful to establish a proper reference when there are no

microenvironmental perturbations. Here, we use action [ —— 3
spectroscopy to compare the absorption by the firefly :
oxyluciferin lumophore isolated in vacuo and complexed with 400 500 600 700 &

a single water molecule. While the process relevant to nm :
bioluminescence within the luciferase cavity is light emission, the absorption data presented here provide a unique insight
into how the electronic states of oxyluciferin are altered by microenvironmental perturbations. For the bare ion we observe broad
absorption with a maximum at 548 + 10 nm, and addition of a water molecule is found to blue-shift the absorption by
approximately S0 nm (0.23 eV). Test calculations at various levels of theory uniformly predict a blue-shift in absorption caused
by a single water molecule, but are only qualitatively in agreement with experiment highlighting limitations in what can be
expected from methods commonly used in studies on oxyluciferin. Combined molecular dynamics simulations and time-
dependent density functional theory calculations closely reproduce the broad experimental peaks and also indicate that the
preferred binding site for the water molecule is the phenolate oxygen of the anion. Predicting the effects of microenvironmental
interactions on the electronic structure of the oxyluciferin anion with high accuracy is a nontrivial task for theory, and our
experimental results therefore serve as important benchmarks for future calculations.

B INTRODUCTION natural chemiluminescence reactions.* The efficient BL
emission can be utilized in microbiological analysis® and is
currently an indispensable tool in multicolor in vivo
imaging.°~® Recently, the potentials for applications involving
secondary energy-transfer processes have been realized,
including BRET in luciferase—protein dyads,” FRET-based
imaging with enzyme—quantum dot conjugates,'”"" and
sequential energy transfer (BRET-FRET)."?

The utility of BL as imaging tool triggered a great deal of
research with the goal of developing an understanding of the
underlying mechanisms. The dioxetanone intermediate in the
firefly BL reaction sequence is an extremely unstable species

Bioluminescent organisms have developed mechanisms for
catalytic production of cold light, which they utilize to
communicate warning signals, or to attract prey or partners
for mating. The core chemical event of bioluminescence (BL) is
chemiexcitation, a sequence of chemical reactions, by which
ground-state substrates (luciferins) in fireflies’ and some
coelenterates” are enzymatically converted by luciferase (Luc)
to energy-rich intermediates. The intermediates, bearing a labile
dioxetanone moiety in fireflies,> decompose to produce the first
excited state of the emitters, oxyluciferins, which relax to the
ground state by emitting a photon of visible light.* The one-to-
one ratio of molecules of the intermediate and photons in this
last step renders the BL reaction a very efficient process, with Received: November 20, 2012
quantum yields that largely exceed those observed with non- Published: April 4, 2013
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that remains synthetically inaccessible. Under controlled
conditions, the lumophore (OxyLH,) can be stabilized in the
ground state for a reasonably long time, but the ground-state
structure does not provide direct insight into the excited-state
dynamics.">~"* A large number of theoretical studies have also
been performed with the aim of elucidating details of the
factors controlling BL (for recent reviews, see Navizet (201 1),'
Hosseinkhani (2011),"” and da Silva (2011)'®). These studies
have increased in complexity since initial gas-phase calculations
and now routinely include solvent effects, either implicitly
through the use of continuum dielectric models, or by explicit
inclusion of solvent molecules'”*° (the results of Min et al.*
relate directly to the excited state of oxyluciferin) and even
reduced models of the luciferase microenvironment;*' ™>* the
spectrochemistry of OxyLH, has been experimentally estab-
lished only in neat solutions.'®'> Most theoretical consid-
erations of the effects of the luciferase framework are limited to
the relevant amino acid residues from the crystal structures of
luciferases from Luciola cruciata® or Photinus pyralis.”® Recent
results, however, suggest significant reorganization of the
microenvironment during the lumophore deexcitation, thus
questioning some earlier mechanistic inferences based on the
ground-state structure of the luciferase—oxyluciferin complex,
[(Luc)(OxyLH,)].*

Unlike fireflies (Lampyridae), which communicate the
characteristic bursts of yellow-green light, and despite the fact
that they utilize identical lumophore, some species of click
beetles (Elateridae) emit orange light, while certain railroad
worm species (Phengodidae) luminesce in the red region.
These shifts in the emission color were successfully mimicked
by deliberate point mutations in the Lampyridae luciferase
family, and the wavelength of emission can be artificially tuned
to values between 530 and 640 nm. As many as six mechanisms
have been advanced to explain the molecular origin of this
phenomenon, although without a consensus on its origin. The
suggested mechanisms include keto—enol tautomerization,
molecular twisting in excited state, effects of microenvironment
(including deprotonation of the phenol functionality) and
tautomerization/deprotonation of the hydroxythiazole frag-
ment, stabilization by charge resonance, conformational
changes in the active pocket, and concomitant modulation of
polarity and covalency of an emitter—cation ion-pair.
Experimental and theoretical contra-arguments have been
subsequently advanced that discredit each of these mechanisms.
Despite the numerous attempts and various experimental and
theoretical approaches, due to lack of photophysical data on the
excited lumophore free from environment effects, this conun-
drum remains unresolved.

A direct experimental spectrochemical benchmark of a single
excited molecule (OxyLH,)* in vacuo could end the long-term
dispute. Indeed, the spectrochemical effects from the environ-
ment exerted by the amino acid residues or water molecules in
the luciferase active pocket could be directly assessed against
the spectral fingerprint of the bare ion if the latter were to be
isolated in the absence of intermolecular interactions. This
approach represents a simple, yet critically important starting
point to understand the true reasons behind the color tuning
and is the one we have taken here to shed light on this problem.
Computational studies have previously highlighted the
importance of water molecules in the firefly oxyluciferin
system,”**”*® and it was recently proposed'* that a single
water molecule in the protein cavity could have a profound
effect on the photophysical properties of the emitter and its
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dynamics. Theoretical investigations of interactions between
oxyluciferin and components of the luciferase active site in
available crystal structures support the importance of water
molecules in terms of their energetic effect on the emitter."*’
To verify this hypothesis, using a special experimental setup, we
utilize here action spectroscopy of the ionized firefly emitter
OxyLH™ and its ion-complex [(OxyLH)(H,0)]™ to elucidate
the spectrochemical consequences of a single water molecule
on the isolated ion in vacuo. The $,5-dimethyloxyluciferin
anion (DMOxyL~) was also included to provide a color-shift
standard free of the potential variability of the gas phase
[(OxyLH)(H,0)]~ complex. Finally, we note that recent
theoretical work by Navizet et al.>® supports the use of the
isolated oxyluciferinate anion as a model for the firefly
lumophore because their results indicate that the light emitter
is the same after chemical decomposition of firefly dioxetanone
(either in vacuo or within the protein) to that obtained after
photoexcitation of oxyluciferin.

In our experiment, we probe absorption and not light
emission because the ion density is too low to result in enough
emitted photons for detection. Indeed, the ion density is also
insufficient for conventional light transmission experiments that
are normally used to obtain absorption spectra, and this
constitutes a significant barrier to the measurement of
absorption by ions in vacuo. Instead, gas-phase ion spectros-
copy relies on ionic dissociation driven by light absorption. In
our setup, such action spectroscopy on macromolecular ions is
realized by combining an electrospray ion source, electrostatic
ion storage ring, and pulsed lasers. The setup has already
provided valuable information on the light absorption by
several chromophore ions, ionic GFP chromophore, protonated
retinal Schiff bases, heme, porphyrin, and peptides,** > and the
bioluminescence precursor, the p-(—)-luciferinate anion,
LH™.*° Recently, we have also modified an accelerator mass
spectrometer (sector instrument) to perform gas-phase spec-
troscopy experiments. While delayed dissociation on time scales
of hundreds of microseconds to tens of milliseconds is
monitored in the ring experiment, fast dissociation occurring
within a few microseconds is probed by the accelerator mass
spectrometer. These complementary techniques were em-
ployed here to record the action spectra of isolated anions of
OxyLH, and its complex with a single water molecule. These
ground-state absorption data are indispensable direct bench-
marks against which the theoretical models commonly used in
studies of the excited-state structure of the firefly emitter can be
assessed for the first time free from interferences by the
complex structure of the luciferase active site. If such models
can correctly predict the absorption by oxyluciferin and the
influence of a microenvironment, they are likely also capable of
providing useful information regarding microenvironmental
effects in the emission spectra.

B RESULTS AND DISCUSSION

Isolated OxyLH™ and DMOxyL~ Anions. First, we
present the results from the storage ring experiments, where
neutrals produced as a result of dissociation are monitored as a
function of time. Time spectra obtained after photoexcitation in
the ring of the OxyLH™ ion (m/z = 249) at 490, 530, and 580
nm, shown in Figure 1, confirm that the photoinduced
dissociation is nearly complete after 400 ps. This time is
much shorter than the storage time in the ring (~0.3 s). The
revolution time of the ions is 64 us. The neutrals that gave rise
to the count rate were produced ~19 us after the photo-
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Figure 1. Time spectra of oxyluciferinate anions without laser
irradiation (a), and after photoexcitation at 490 nm (b), 530 nm
(c), and 580 nm (d). The spectrum in panel (a) is due to neutrals
formed after collisions between the jons and the residual gas in the
ring.

excitation in the first instance (first point in the time spectrum),
and then after successive rotations in the ring. According to a
power dependence study, the first point is due to neutrals
formed from ions that have either absorbed one or two
photons, whereas the following points are due to one-photon
absorption. The contribution of the two-photon absorption to
the first point increases with wavelength because lower
excitation energies allow more ions to survive the travel from
the laser-irradiated region to the opposite side of the ring where
their decay is sampled. At high laser powers, the photoyield of
neutrals saturates. To avoid such saturation effects and to
minimize two-photon absorption, the power was attenuated
during wavelength scans, and the first point was not included in
the analysis. The subsequent five points were summed
excluding the background of neutrals formed as a result of
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collisions with residual gas in the ring (see Figure 1a). The yield
of photoneutrals was then divided by the background count to
correct for variations in the ion beam intensity and the number
of photons in the laser pulse. This action signal is taken to
represent the relative absorption cross section. Figure 2a shows
the cross sections versus wavelength. The spectrum displays a
broad band with 4,,,, between 535 and 555 nm with fwhm (full
width at half maximum) of 95 nm.

Next, we consider the results from the single-pass experi-
ments with the accelerator mass spectrometer. Here, ionic
fragments formed up to 3 us after photoexcitation were
sampled, in contrast to the storage ring experiment where
delayed dissociation was monitored on a much longer time
scale. Photoexcitation leads to one dominant fragment anion at
m/z = 175 and a minor one at m/z = 206 that correspond to
loss of C,H,SO (mass 74) and C,H;O (mass 43), respectively.
These are both formed as a result of two-photon absorption, in
agreement with the time-spectra discussed above (the one-
photon absorption is excluded in this experiment based on the
narrow temporal window for dissociation). We assign the m/z
= 17§ fragment to deprotonated 2-cyano-6-hydroxybenzothia-
zole. Interestingly, this molecule is a breakdown product in the
reactions between the oxyluciferin and water within the enzyme
cavity required for repetitive flashing of the firefly emission.>”

The yields of each of the two fragment ions were measured
as a function of the wavelength to give action spectra after
correcting for ion beam fluctuations and number of photons in
the laser pulses. The action spectrum based on the m/z = 175
fragment ion (Figure 2b) is similar to that obtained from the
ring experiment: It displays a broad band with A, between 540
and 560 nm (Figure 2a). The spectrum based on the m/z = 206
ion (not shown) is similar but of worse quality due to much
lower ion yields. Taken together, the results show that the bare
oxyluciferinate anion OxyLH™ absorbs maximally at 548 + 10
nm, and that the absorption spectrum is broad (fwhm of 95
nm). We note that the absorption band of OxyLH™ is only
slightly red-shifted as compared to that of LH™ (532 nm)
reported earlier’® despite the greater electron delocalization
expected in the former. The excess electron density in OxyLH™
can be located at either oxygen (two limiting resonance
structures), while the carboxylate group in LH™ is not
conjugated with the ring 7-electrons.

According to our calculations, the dominant tautomer of the
oxyluciferinate ions isolated in our ion beam at room
temperature is the keto form. As discussed later, the agreement
between the predicted and the measured absorption bands is in
strong support of this assignment. To ascertain the tautomer
identity, the measurements were repeated with the 5,5-
dimethylated oxyluciferinate anion (DMOxyL~ m/z = 277)
where the molecule is locked as the keto tautomer by
substitution. The action spectrum obtained based on the m/z
= 175 fragment ion has a Ay, = 540—570 nm (Figure 2d),
while the ring experiment provides A,,,, = $60—580 nm (Figure
2¢). Our estimate of the band maximum is 565 + 10 nm. The
red-shift of about 17 nm relative to OxyLH™ is in accordance
with the substitution effects observed in solution.'* The
calculated spectra described below confirm that this spectral
shift is due to substitution effects.

[(OxyLH)(H,0)]~ Complex Anion. The impact of a single
water molecule on the electronic structure of oxyluciferinate
anions was measured with the accelerator mass spectrometer.
While the photoinduced dissociation mass spectrum of bare
OxyLH™ was rather simple with two important fragment ions,

dx.doi.org/10.1021/ja311400t | J. Am. Chem. Soc. 2013, 135, 6485—-6493
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Figure 2. Action spectra of oxyluciferinate and $,5-dimethyloxyluciferinate anions obtained using two different instruments. OxyLH™: (a) ELISA,
sampling of neutral fragments; (b) accelerator mass spectrometer, sampling of m/z = 175 fragment ions. DMOxyL: (c) ELISA, sampling of neutral
fragments; (d) accelerator mass spectrometer, sampling of m/z = 175 fragment ions. In the ELISA experiment, we detect neutrals traveling with high
kinetic energies as they deposit energy in the detector, but we have no mass information. The curves are Gaussian fits to the data.

many more dissociation channels are available for the
[(OxyLH)(H,0)]™ complex, including water loss, dissociation
of the bridge between the two heterocycles, and decomposition
of one of the rings. The water molecule remained bound to
several fragment ions. The dominant fragment ion had m/z =
150 and is ascribed to separation of the two heterocyclic rings.
The action spectra of each of the fragment ions are shown in
Figure 3 (insufficient background counts from collision-induced
dissociations prevented us from applying spectral corrections
for ion beam fluctuations). The count rates of the photo-
induced fragment ions were typically 1 s™!, which placed a
practical burden on this experiment. Nevertheless, the spectra
are quite similar with A,, = 480—530 nm. The minor
differences may be related to the different structures of the
oxyluciferinate—water complexes in the ion beam that could
result in different dissociation pathways. Regardless of these
small differences, the spectra are conclusive that a water
molecule blue-shifts the absorption of the ion.

Theoretical Results. The optimized ground-state geo-
metries used in all calculations are shown in Figure 4. Details of
the optimization strategies and relative energies for different
conformational and configurational properties are dealt with in
the Methods section. These geometries were used for the
evaluation of several common methods for the calculation of
vertical electronic excitation energies.

The results of single-point EOM-CCSD and TDDEFT
electronic absorption calculations are given in Table 1. With
the EOM-CCSD/Def2-TZVPPD method, a value of 481 nm
was obtained for the OxyLH ™ excitation wavelength, as
compared to the experimental wavelength of 548 + 10 nm.
At the EOM-CCSD level with the smaller Def2-SVPD basis set,
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these values were red-shifted by only ~0.01 eV, indicating that
the smaller basis set was capable of producing well-converged
results.

The reduced excitation level (REL) diagnostic gives a
measure of the character of a given excitation within the
EOM-CC framework. Values close to unity indicate predom-
inantly single-excitation character, while higher values indicate
multiexcitation character. In all calculations performed in the
present work, the excitations had REL values of 1.1 + 0.02.
Therefore, the excitations observed in the oxyluciferin systems
possess predominantly single-excitation character, and all of the
relevant physics should be described accurately even with the
truncation of the coupled-cluster expansion at second order.*®
Greater multielectron character, on the other hand, would have
required inclusion of triples excitations, e.g, using EOM-
CCSD(T).

Excellent agreement with the high-level EOM-CCSD result
came from the two hybrid functionals, B3LYP and CAM-
B3LYP, which also showed minimal changes on going from the
Def2-SVPD basis set to the much larger Def2-TZVPPD set.
However, the pure DFT functionals SVWN and BLYP were
found to provide excitation energies that were lower than that
obtained with EOM-CCSD and that in fact were in very good
agreement with experiment, giving errors for both functionals
relative to experiment of less than 10 nm. The fact that the
EOM-CCSD and hybrid TDDFT methods gave values that
were significantly blue-shifted relative to the experimental
OxyLH™ value suggested that the approximations used in the
calculations were neglecting some effects (e.g., vibronic effects)
that were important in the OxyLH™ system. The apparently
superior performance of the pure DFT functionals was most
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Figure 3. Action spectra of oxyluciferinate—water complexes obtained
using the accelerator mass spectrometer. The fragment ion masses are
indicated on each panel. The red curves are Gaussian fits to the data.

likely an example of fortuitous cancellation of errors in these
formally less sophisticated methods.

In relation to theoretical predictions of color-tuning effects in
BL, a more important set of results were the calculated shifts
relative to OxyLH™ for the [(OxyLH)(H,0)]~ and DMOxyL"~
systems (Table 1). The EOM-CCSD/Def2-TZVPPD method
yielded a blue-shift of 10 nm for the [(OxyLH)(H,0)]”
complex and a red-shift of 3 nm for the DMOxyL™ anion,
which, although providing qualitatively correct predictions,
were approximately one-fifth of the size of the shifts observed in
the experimental spectra in both cases. Despite the large split
between the performance of the pure and hybrid functionals
seen in the TDDFT results for OxyLH ™, there was very little
difference in the predicted spectral shifts obtained from the four
functionals. All of the TDDFT-predicted shifts for DMOxyL™
were +2 nm relative to EOM-CCSD, while the [(OxyLH)-
(H,0)]~ EOM-CCSD shift was underestimated by all of the
functionals except CAM-B3LYP, with BLYP performing worst.
That all of the methods used here were able to correctly predict
the sign of the spectral shift in these systems but failed to
deliver the correct magnitude is most likely an indication that
the sources of error mentioned above for OxyLH™ may become
even more critical in these systems due to the complexed water
molecule in [(OxyLH)(H,0)]” and the addition of two
methyl groups in DMOxyL™.
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Figure 4. B3LYP/Def2-SVPD optimized structures of the three
systems studied.

Table 1. Calculated Absorption Energies for OxyLH",
[(OxyLH)(H,0)]~, and DMOxyL™“

Jabs (S < 8o)/nm

Def2-SVPD Def2-TZVPPD
OxyLH~
EOM-CCSD 478 477
SVWN 545 546
BLYP 540 542
B3LYP 490 491
CAM-B3LYP 464 466
[(OxyLH)(H,0)]~
EOM-CCSD 470 (-8) 467 (-10)
SVWN 541 (—4) 542 (—4)
BLYP 538 (-2) 539 (=3)
B3LYP 485 (-5) 487 (—4)
CAM-B3LYP 455 (=9) 458 (-8)
DMOxyL~
EOM-CCSD 481 (+3) 480 (+3)
SVWN 549 (+4) 550 (+4)
BLYP 544 (+4) 546 (+4)
B3LYP 493 (+3) 495 (+4)
CAM-B3LYP 466 (+2) 469 (+3)

“Wavelength shifts relative to isolated OxyLH™ given in parentheses.

It is of interest to note that Min et al. performed calculations
to investigate the effect of explicit waters on the electronic
structure of oxyluciferinate anion at the TD-B3LYP/6-31+G-
(d,p)//B3LYP/6-31+G(d,p) level where they found that one
water molecule hydrogen-bonded to the phenolate oxygen
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(similar to [(OxyLH)(H,0)]" in the present work (Figure 4))
caused a blue-shift of 2 nm in the predicted absorption.”* The
small difference between their blue-shift and our value of 5 nm
can be rationalized by the slightly different basis sets used in the
geometry optimizations and subsequent excitation calculations.
Min et al. included diffuse functions only on non-hydrogens
during the geometry optimizations and in the excitation
calculations (6-31+G(d,p)), whereas our basis set contained
diffuse functions on all atoms (Def2-SVPD).

Min et al. found that when the water molecule was located at
the opposite (keto) end of the anion this was found to produce
a 4 nm red-shift in the absorption. Thus, longitudinal
polarization of the anion in opposite directions was seen to
be capable of producing shifts either to higher or to lower
energy in the spectrum. This polarization effect was systemati-
cally investigated by the incremental application of electric
fields during real-space/time TDDFT calculations on the
oxyluciferinate anion by Cai et al, who also found that the
absorption peak could be shifted either to higher or lower
energies by the polarizing field.* The redistribution of charge
density in the anion due to the electron-withdrawing inductive
(=I) effect associated with the methyl groups attached to the
thiazolone ring in DMOxyL™ might be expected to be
qualitatively similar to the effect of a water molecule
hydrogen-bonded to the keto oxygen, which is in keeping
with both our experimental and our theoretical data.

A further feature of the experimental spectra that was of
interest in terms of the performance of simulation techniques
was the significant peak-broadening. In an attempt to extend
the single-point static calculations in a way that might shed
more light on the origins of this broadening, molecular
dynamics (MD) simulations were performed for the three
oxyluciferin systems. The resulting composite spectra obtained
from TDDFT calculations on the sampled MD trajectories are
shown in Figure S. Both the LDA (SVWN) and the CAM-
B3LYP functionals were used, representing the simplest and
most complex functionals employed in this study. Although the
single-point TD-LDA result for OxyLH™ was closest to
experiment, this was probably due to cancellation of errors at
the equilibrium geometry, which might not the case for the
distorted geometries obtained from the MD run. TD-CAM-
B3LYP performed well relative to the EOM-CCSD data, and its
better treatment of charge-transfer type excitations might be
important in the distorted geometries.

The spectral profiles obtained from the MD-averaged TD-
LDA calculations were found to fit well the degree of band
broadening observed experimentally. Differential changes in the
band maxima for the three systems enhanced the calculated
color shift by 2 nm for both [(OxyLH)(H,0)]™ and
DMOxyL™ leading to shifts of —6 and +6 nm, respectively,
relative to OxyLH ™.

The composite peaks obtained with the CAM-B3LYP
functional were slightly less broad than those obtained with
LDA. This may be due to a greater sensitivity to geometrical
distortion with the LDA functional leading to a greater spread
of the excitation energies. The individual excitations are shown
in Figure S as crosses, and tighter clustering of those obtained
with CAM-B3LYP is evident. The peak maxima in the CAM-
B3LYP case yielded a blue-shift of 7 nm for [(OxyLH)-
(H,0)]™ relative to OxyLH™, but only a 1 nm red-shift for the
DMOxyL™ anion. These shifts relative to one another are in
better proportion for CAM-B3LYP (as compared to the
experimental shifts) than with LDA.
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Figure 5. Composite TD-DFT spectra obtained from 300 ps
molecular dynamics simulations. Results obtained with the LDA
(SVWN) functional are shown in red, and those obtained with the
CAM-B3LYP functional are shown in blue. Spectral profiles were
obtained from sums of Lorentzian functions fit to individual excitations
(+), which were then normalized to put them on the same scale as the
single excitations.

It is interesting to note that during the MD simulations the
maximum deviation from planarity of the oxyluciferins was of
the order of 10—20° in agreement with the DFT calculations
and confirming the quality of the force field parametrization (a
plot of the energy of rotation about the inter-ring carbon—
carbon bond in OxyLH™ is shown in Figure S2). These data
provided further evidence that only the low energy trans-form
should be populated at room temperature, in agreement with
the Boltzmann factor ratio given below (Methods section).
During the simulation started with the water molecule located
at the phenolate end of oxyluciferin, the water was seen to
migrate to the benzothiazole nitrogen in ~10% of the snapshots
where the absorption was red-shifted to ~590 nm. However,
the small percentage of snapshots where this occurred
combined with the fact that the oscillator strengths for the
excitation were lower than the average during the simulation
meant that this had a small effect on the overall spectrum.
Repeat simulations with the water molecule located initially at
the midpoint of the oxyluciferin or bound to the keto oxygen
were run, but in these cases the water rapidly migrated to the
phenolate group and remained there as was seen in the first
simulation.

Relation of Gas-Phase Data to Firefly Biolumines-
cence. All Lampyridae species naturally emit green-yellow
light, although at slightly different wavelengths. A consistent
property of the spatial disposition of the amino acids in the
active pocket of their luciferases is a “barrel” of low polarity,
which wraps the substrate/product, with the two termini being
exposed to polar environments. This provides a central
microenvironment with properties more comparable to the
gas phase than to bulk (aqueous) solvent. Photuris pennsylvanica
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fireflies emit green light with a maximum at A7, = 538 nm,
while the North American fireflies Photinus pyralis produce
yellow-green light at A7% = 562 nm. Although they share a
significant portion of the Luc amino acid sequence with fireflies,
the railroad worms Phrixotrix hirtus produce red light with A7,
= 623 nm. For the bare ion, we observe broad absorption with a
maximum at A% = 548 + 10 nm. The typical Stokes shifts of
oxyluciferin in nonaqueous diluted solutions, as a very crude
estimate for the respective gas-phase values, range between 69
and 96 nm, with the values in solvents of low polarity being at
the higher end of this range.'* As the absorption sets a lower
limit for the wavelength of emitted light, the estimated emission
of the bare ion at 617—644 nm (orange or red) necessitates
inclusion of microenvironment effects to account for the
natural emission at lower wavelengths (green). Indeed, the
action spectra recorded here evidenced that addition of a single
water molecule blue-shifts the absorption by about 50 nm. A
single water molecule could blue-shift the Stokes-shifted
emission of the ion in vacuo to about $567—594 nm (i.e.,
green to yellow). The results of the present study suggest that
such a dynamic water molecule could make a significant
contribution to shifting the emission color of the oxyluciferinate
ion between green and red. Further support for this suggestion
can be found in the results of molecular dynamics simulations
of oxyluciferin in which the importance of water molecules in
modulating electronic structure in the ground and excited states
in the enzyme active site was highlighted.”**’

The crystal structure of the complex of Luciola cruciata
luciferase with oxyluciferin does not contain a water molecule
bound to the phenoxyl group of the lumophore.”® Several
waters are located nearby, but these are presumably strongly
constrained in the electrostatic environment of the pair of
arginine residues at the benzothiazole end of the active site.
However, the benzothiazole hydroxyl group in structures of
both wild-type and mutant luciferases in a complex with a
molecule that represents a model for the unstable intermediate
in the bioluminescence reaction is bound to a water molecule at
2.7 A from the oxygen atom.”> Combined with the molecular
dynamics results mentioned above’®” and the results of the
present work, this observation appears to support our proposal
that a dynamic water molecule could interact significantly with
the benzothiazole oxygen of oxyluciferin and may play an
important role in the color tuning of the firefly emission.

Another issue to consider is that the most favorable location
of the water may be different in the excited state than in the
ground state of the oxyluciferin anion. Because, in the biological
setting, the oxyluciferin anion is formed in its excited state, it is
possible that the water is located in a way that it stabilizes the
excited state more than the ground state. As a result, the water
molecule would then cause a red-shifted emission. In
accordance with this, Ai-min and co-workers®® predicted a 3
nm blue-shift in the emission upon binding of a single water
molecule to the benzothiolate oxygen, while the emission red-
shifted by 8 nm for water binding to the thiazole oxygen. In
other work,?® Song and Rhee calculated the average emission
energies (RI-CIS(D) without EOM-CCSD corrections) for
solvated oxyluciferin ion configurations that had one more
water on the thiazole oxygen than on the benzothiazole oxygen
(1.419 eV), the same number on both oxygens (1.429 eV), and
one more on the benzothiazole oxygen than on the thiazole
oxygen (1.449 eV). Even though the trends from these two
works are in accordance with our reasoning, the shifts are small.
Song and Rhee instead ascribed color modulation to nearby
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charges, for example, the positively charged ammonium of a
protonated lysine residue or the negatively charged AMP.

An analysis of energetic interactions within the luciferase
active site by Milne et al. using the fragment molecular orbital
method supports the importance of both the charged species
and the active site water molecules in terms of their
(de)stabilizing effects on the oxyluciferin anion in the ground
state.”” However, because the theoretical models commonly
employed in this field of research in general appear to
underestimate the blue-shift in absorption by a single water
molecule, the influence on emission may also be under-
estimated. More work is clearly needed to fully address the role
of the nearby environment in fine-tuning the details of the
electronic transition between the ground and excited states of
this system.

Bl CONCLUSION

The action spectra reported here provide the first experimental
evidence on the absorption by the singly charged oxy-
luciferinate anion and its complex with water isolated in
vacuo and demonstrated a strong perturbation of the electronic
structure by a single water molecule. A range of calculations
using methods of varying theoretical complexity uniformly
support the experimental data and were found to provide
reliable predictions of color-shifts in the [(OxyLH)(H,0)]~
and DMOxyL™ systems, although the magnitude of the shifts
was underestimated. We cannot from our absorption experi-
ments tell the exact role of a water molecule on the emission
but only speculate that its influence is large enough for color
modulation because it significantly perturbs the difference in
energy levels between ground and excited states when it binds
to the ground-state geometry. Obtaining quantitative agree-
ment with experiment from calculations on these ions is
nontrivial, and more work is needed to improve the theoretical
description. Importantly, for a theoretical model to be used to
shed light on microenvironmental effects in firefly lumines-
cence, it is required to provide the experimentally measured
energy difference between the ground and excited states of the
bare oxyluciferinate anion and the perturbation caused by a
water molecule bound to the ground-state geometry.

B METHODS

Experimental Details. The setups used for gas—Phase spectrosco-
py have been described in detail elsewhere,**>**** and only a brief
description is given below. Oxyluciferin and $,5-dimethyloxyluciferin,
prepared as described before,'* were dissolved in methanol and
electrosprayed. Ions were accumulated in a multipole ion trap in which
they experienced collisions with helium buffer gas kept at room
temperature.

In the ELISA experiments, an ion bunch was accelerated to kinetic
energy of 22 keV, and the ions of interest were selected with a bending
magnet. These were injected into the ring that is based on purely
electrostatic deflectors and focusing elements. The ions circulated until
they changed their mass-to-charge ratio as a result of either collisions
with residual gas in the ring (pressure of about 107'° mbar) or
photoexcitation. Neutrals produced on the injection side of the ring
were not influenced by the electric fields and hit a microchannel plate
detector located at the end of the straight section. The rate of neutrals
hitting the detector was a measure of the number of ions circulating in
the ring. OxyLH™ ions were photoexcited after about 45 ms. The third
harmonic (355 nm) from a Nd:YAG laser was used to pump an optical
parametric oscillator (OPO) (EKSPLA laser system). Neutral density
filters were used to attenuate the laser power. The repetition rate of
the experiment was 10 Hz.
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For experiments using the accelerator mass spectrometer, an ion
bunch was accelerated to energy of 50 keV, and appropriate ions were
again selected with a bending magnet. These were photoexcited by
light from a laser system similar to that used with ELISA in a merged
beam configuration. An electrostatic analyzer allowed particular
fragment ions to reach a channeltron detector where they were
counted. The yield of fragment ions as a function of excitation
wavelength was monitored up to 3 s after photoexcitation. The
experiment was performed at a repetition rate of 40 Hz. The laser was
run at 20 Hz; thus only every second ion bunch was irradiated to
obtain the real laser-induced signal. Also, laser-off spectra were used to
correct for ion beam fluctuations from the yield of fragment ions
produced as a result of collisions with the residual gas. Hydrated ions
were generated by introducing water vapor in an octopole trans-
mission guide located before the multipole trap. The kinetic energies
of the ions in the ion source were retained as low as possible to
prevent collision-induced water loss from the fragile molecular
complexes. The ion beam signal of the complexes was insufficient
for meaningful corrections for ion beam fluctuations; instead, the
experiment was repeated multiple times to compensate for such
variations.

Theoretical Methods. All electronic structure calculations were
performed using GAMESS-US (1 October 2010 (R1) release).*

Geometries were optimized at the B3LYP* level with the diffuse-
augmented polarized double-{ basis set Def2-SVPD.* The isolated
anion was optimized in both the cis and the trans conformations
because both might be populated in the experiment. An energy
difference of 23.6 kJ mol™' was found, indicating a Boltzmann factor
ratio of 1: 5.14 X 107 in favor of the trans-form at 300 K, and so the
cis-form was neglected thereafter. That the trans-enol form of
OxyLH™ might be important was also considered, but this geometry
was found to lie 47.4 k] mol™' higher than the trans-keto form
(Boltzmann ratio of 1:5.97 X 107 in favor of the keto-form). trans-
DMOxyL™ was optimized at the same level.

Geometry optimizations for the [(OxyLH)(H,0)]™ complex were
performed with water hydrogen-bonded to either the benzothiazole or
the thiazolone end of the trans-keto anion. The thiazolone-bound
configuration lay 10.5 kJ mol™" higher in energy with a corresponding
Boltzmann factor ratio of 1:1.48 X 107> favoring the benzothiazole
complex at 300 K and indicating an insignificant contribution from the
thiazolone configuration.

To obtain a computational benchmark for the electronic excitations
in these systems, calculations were performed with equation-of-motion
coupled cluster theory including single and double excitations (EOM-
CCSD).***™* The inclusion of triples excitations for molecules of
this size was too demanding, and therefore the calculations were
truncated at the EOM-CCSD level. However, the results obtained
showed that the excitations were predominantly single-electron in
character meaning that the physics required to accurately describe
these excitations was already contained in the EOM-CCSD method.*®
Both the Def2-SVPD and the large Def2-TZVPPD basis sets were
used. To minimize the computational effort involved in these
calculations in terms of memory- and disk-usage, the reduced virtual
space method*’ was employed. A cutoff of 50 eV above the HOMO
level was found to give results that changed by less than 2 nm when
the cutoff was increased to 60 eV and by less than 1 nm when
increased to 70 eV. These changes were not consistently positive or
negative, due to the nonvariational nature of the calculations, and so
negligible net change was seen beyond the 50 eV cutoff.

TDDFT* calculations used a series of four functional forms of
increasing formal complexity representing different rungs on the
Jacob’s ladder of (TD)DFT approximations.”' >* The SVWN (local
density approximation) and BLYP (generalized gradient approxima-
tion) functionals were selected to investigate the performance of pure
DFT in this system.”*™>® The commonly used hybrid functional
B3LYP (20% Hartree—Fock (HF) exchange) was also included. For
excitations with significant nonlocal character, TDDFT methods can
produce lar%e errors due to an incomplete treatment of long-range
interactions.””*® The range-separated hybrid CAM-B3LYP functional,
designed to provide a more balanced description of excitation
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processes with, for example, charge-transfer character,”® was therefore
also included. TDDFT calculations were performed with the Def2-
SVPD basis set and repeated with the much more flexible Def2-
TZVPPD basis.** Minor changes (~0.01 eV) indicated that the Def2-
SVPD results were well converged.

Molecular dynamics simulations were performed with Tinker v6.1.%
OxyLH™ parameters** were converted to fit the Tinker
CHARMM?22°"%* functional form. Torsional parameters relating to
the bond bridging the two heterocylic substructures were adjusted for
a better fit of the torsion profile calculated with DFT (see the
Supporting Information). Additional parameters required for
DMOxyL~ and [(OxyLH)(H,0)]” were taken from the
CHARMM?22 set. Atomic partial charges were calculated using the
CHELPG approach (charges from electrostatic potentials using a grid-
based method)®® at the B3LYP/Def2-SVPD level with Orca v2.9.0.%
300 ps in vacuo simulations were run at 300 K in the NVE ensemble.
Sampling at 1 ps intervals gave 300 input structures for subsequent
TDDFT/Def2-SVPD calculations using the LDA (SVWN) and CAM-
B3LYP functionals. The dominant first excitations and oscillator
strengths from each calculation were collected, and a Lorentzian
broadening function with a half-width of 10 nm was applied using the
Gabedit v2.4.0 package.®> The resulting composite peaks were then
renormalized so as to fit them onto the same scale as the individual
excitations.

B ASSOCIATED CONTENT

© Supporting Information

Force field parameters used in molecular dynamics simulations
of the oxyluciferinate and §,5-dimethyloxyluciferinate anions.
B3LYP/Def2-SVPD optimized geometries (and total energies)
used in EOM-CCSD and TDDFT single-point calculations.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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On the Photoabsorption by Permanganate lons in Vacuo
and the Role of a Single Water Molecule. New
Experimental Benchmarks for Electronic Structure Theory

Jargen Houmgller,” Sydney H. Kaufman,® Kristian Stachkel,” Lokesh C. Tribedi,"
Steen Brgndsted Nielsen,*™ and J. Mathias Weber*®

We report electronic spectra of mass-selected MnO,” and
MnO, -H,O using electronic photodissociation spectroscopy.
Bare MnO, fragments by formation of MnO;~ and MnO,,
while the hydrated complex predominantly decays by loss of
the water molecule. The band in the visible spectral region
shows a well-resolved vibrational progression consistent with
the excitation of a Mn—O stretching mode. The presence of
a single water molecule does not significantly perturb the

1. Introduction

Permanganate, MnO, ", is one of the most prominent oxidation
reagents in chemistry, its distinctive violet colour being known
to every freshman chemistry student. It is a tetroxo d° transi-
tion-metal complex with a tetrahedral (T,) ground-state geom-
etry. Its beautiful electronic spectrum exhibits a clear vibronic
structure even in room-temperature aqueous solutions. First
spectra of MnO,” embedded in crystal lattices were reported
by Teltow™ in 1938-39 but with limited resolution. A well-re-
solved spectrum at low temperatures was later published by
Holt and Ballhausen™ in 1967. It has become a prototype spec-
trum for the spectroscopy of transition-metal ion complexes
and spurred large interest among quantum chemists for sever-
al decades.”™

Electronic excitations of MnO,” result in geometry changes
to lower symmetries (G, C,, and D,,) due to Jahn-Teller distor-
tion.™! As a result, the electronic spectrum of permanganate
is exceptionally difficult to describe theoretically and as such
stands out among the tetroxo complexes, despite the modest
size of MnO,™ and its d° electron configuration. Indeed, the ion
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spectrum of MnO, . Comparison with the UV/Vis absorption
spectrum of permanganate in aqueous solution shows that
complete hydration causes a small blueshift, while theoretical
models including a dielectric medium have predicted a redshift.
The experimental data can be used as benchmarks for elec-
tronic structure theory methods, which usually predict elec-
tronic spectra in the absence of a chemical environment.

is not only of significant interest in inorganic chemistry but has
become a benchmark system to test and develop advanced
electronic structure models.*® Until now, calculated excitation
energies have been compared to the absorption spectrum of
permanganate in aqueous solution or to that of KMnO, diluted
in KCIO, crystals at cryogenic temperatures. The overall band
shapes, including intricate vibronic structures, are relatively
well recovered, but the calculated spectra are significantly
shifted from experimental spectra by as much as 1 eV, even for
modern approaches based on time-dependent density func-
tional theory."”

Since quantum chemistry calculations on MnO,~ are usually
carried out for isolated ions in the absence of a surrounding
medium, certainly a more proper reference is the spectrum of
permanganate invacuo. In the present work, we address
whether the differences between experimental and calculated
spectra are due to limitations of the theoretical models or
owed to environmental perturbations. We report here on the
intrinsic absorption by MnO,~ ions from 1.77 to 4.46 eV (700-
278 nm) and for MnO, -H,O ions from 1.77 to 2.95 eV (700-
420 nm) in the absence of an environment, based on action
spectroscopy experiments using three different experimental
setups in Aarhus and Boulder. The results for the water com-
plex allow us to directly probe the role of a single water mole-
cule on the electronic structure of permanganate; in contrast
to the bare and the fully solvated ion, this is an inherently
asymmetric system.

The number of gas-phase experimental studies on perman-
ganate ions by mass spectrometry and laser spectroscopy is
limited. The ion can easily be brought into the gas phase with
electrospray ionization as first shown by Lau etal” Low-
energy collision-induced dissociation (CID) experiments re-
vealed that the lowest-energy dissociation channels are loss of
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oxygen or dioxygen from MnO, . Wang and co-workers®® mea-
sured its photoelectron spectrum using 194 nm photons and
determined the vertical and adiabatic detachment energies to
be 4.91 and 4.80 eV. These are much higher than the first few
electronic excitation energies. Hence, electron detachment
does not need to be considered in our experiments where we
use visible and UV light with photon energies less than 4.5 eV.

2. Results and Discussion

We first present the results from the Aarhus experiments
where photo-excitation was carried out within the first intense
electronic band. This band has been assigned to a transition
characterized mainly as a HOMO—LUMO (1t,—2e) type be-
longing to the 1'T, state. It gives permanganate solutions
their characteristic colour.

To verify that the ions with m/z=119 u/e produced by elec-
trospray ionization were indeed MnO,~, high-energy (50 keV in
laboratory frame) CID and charge reversal (CR) experiments
were done. Air was used as the collision gas. The CID spectra
had peaks at m/z=103 and 87 u/e that can be assigned to
MnO;~ and MnO, ", while CR resulted in peaks at m/z=27.5,
55, 71, 87 and 103 u/e corresponding to Mn?*, Mn*, MnO™,
MnO," and MnO," formed after the detachment of at least
two electrons (see the Supporting Information). There were no
indications of impurities in the ion beam with m/z=119 u/e.

The dominant fragment ions of MnO,  after irradiation at
540 nm (2.3 eV) are MnO;~ and MnO,, formed after loss of
either one or two oxygen atoms, with a branching ratio of
0.95:1 (see the Supporting Information). The fluence depend-
ences of both processes show that two photons are needed
for dissociation (see the Supporting Information). Storage-ring
experiments revealed that dissociation occurs rapidly since no
dissociation events were registered after more than half a revo-
lution in the ring (21 ps, Figure 1). This is reasonable since
MnO,~ has only nine vibrational degrees of freedom and the
excess energy available for simple bond cleavage after two-
photon absorption is at least 1 eV. Assuming that the electron-
ic excitation energy is converted into vibrational energy on the
electronic ground-state surface, dissociation of a hot ion
should therefore be fast. Finally, we note that photodecompo-
sition of permanganate in solution mainly leads to evolution of
0,, not production of 0. This suggests that solvent caging ef-
fects prevent the loss of atomic oxygen.

The MnO, -H,0 complex dissociates almost exclusively to
MnO,” and H,O after the absorption of a single 540 nm
photon. This is not surprising as typical binding energies of
water-anion complexes are of the order of 0.5 eV. Again, full
dissociation is expected within the time window for sampling
fragmentation (a few microseconds).

To obtain action spectra we measured the yields of MnO;~
and MnO,~ ions from MnO,~, and MnO,~ from MnO, -H,0. The
MnO;~ fragment action spectrum of MnO,~ (Figure 2a) shows
a vibrational progression with an average spacing of (740+
50) cm™', which is mainly due to the Mn—O stretching vibra-
tion in the 1'T, excited state. This value is in excellent agree-
ment with the values of approximately 770 cm™' reported by
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Figure 1. Yield of neutrals from MnQ," ions circulating in an electrostatic
ion-storage ring. Neutral atoms or molecules are formed either from colli-
sions between the ions and residual gas in the ring (pressure of 10~ '° mbar)
or as a result of 540 nm photodissociation. The time for the laser pulse is set
to zero. Neutrals were detected by a secondary emission detector (SED) on
the side where photoexcitation was performed (a) and by a microchannel
plate (MCP) detector located on the opposite side (b). No delayed photodis-
sociation was observed. Data were acquired during approximately two
hours.

Holt and Ballhausen.” The lowest-energy peak is observed at
16850 cm™' (2.09 eV). Sampling MnO,~ fragment ions instead
gives an action spectrum (Figure 2b) that has the same peaks
but a distribution that favours peaks to the blue and suppress-
es the lowest-energy peak. This is simply due to the higher
threshold energy required to lose O, compared to O. To obtain
the total photodissociation action spectrum, we added the
two spectra together (see curve in Figure 2¢). Peak positions
are summarized in Table 1. The maximum cross section is

Table 1. Summary of in vacuo spectroscopic data (peaks 1-7) for MnO,~
and MnO, H,0. All energies are in cm '. The uncertainty is about
50 cm~'. Average spacings are 740 cm~' for MnO,  and 725cm™' for
MnO, -H,0.

lon 1 [al 2[b] 3[b] 4[b] 5[b] 6[b] 7[b]

MnO,
MnO, -H,0

16850 730 770 720 760 710 740
16920 730 770 700 770 640 740

[a] Lowest-energy transition. [b] Peak n is given as the shift relative to

peak n—1.
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Figure 2. Action spectra of MnO,~ sampling a) MnO;~ and b) MnO," frag-
ment ions. The solid curves are based on a Savitzky-Golay smoothing filter
using five and three successive data points. c) Action spectrum of
MnO,-H,0 sampling MnO,~ fragment ions. The sum of the two solid curves
from (a) and (b) is included (-+--). Peaks are numbered 1-7, and their associ-
ated energies are listed in Table 1. d) Absorption spectrum of an aqueous so-
lution of KMnO, (100 um concentration). We note that the photofragment
yield for bare MnO,~ below approximately 15400 cm~' was too low to be
reported due to relatively low laser pulse energy and the two-photon

nature of the photodissociation process.

found for the two lowest-energy components (i.e. the v*=0 to
v'=0 and v"=0 to v'=1 transitions). We note that there is
considerable spectral congestion in the gas-phase spectra,
probably due to the fact that the ions are prepared at room
temperature which leads to hot bands. As a consequence, we
cannot resolve the vibrational progressions in the bending and
wagging modes, which have lower vibrational energies.** In-
terestingly, weak signatures roughly halfway between the main
progressions can be seen, which are consistent with progres-
sions in the Mn—0 stretching modes building on the v=1 hot
band in the ground-state bending or wagging modes.”

The photodissociation spectrum of MnO, -H,O is shown in
Figure 2c. It is surprisingly similar to that of MnO,~, both in re-
spect to peak positions and the overall band shape. The vi-
bronic peaks are shifted towards higher energies by less than
100cm™" (12 meV). The spectral data are summarized in
Table 1. It is evident that the water binds to the electronic
ground state with almost equal strength as to the first excited
state. This is a surprising result since a single water molecule
or hydrogen bond interaction often causes significant blue-
shifts in electronic bands."” However, it is in line with the ex-
ceptional stability of the permanganate ion described in a com-
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bined photoelectron spectroscopy and quantum chemical
study.® It is also consistent with the observation by Sam and
Simmons,"" who showed that KMnO, can be dissolved in ben-
zene by complexing with dicyclohexyl-18-crown-6 and that the
absorption spectrum is very similar to that of permanganate
ions in aqueous solution, even though nuclear magnetic reso-
nance indicated an ion pair in benzene and a less symmetric
permanganate ion. The spectrum of the water complex serves
as an interesting benchmark system for quantum chemistry
since methods have to be able to deal with perturbations
caused by the water both in the ground state and the elec-
tronically excited state.

The absorption spectrum of MnO,” in aqueous solution is
also shown in Figure 2. We note that the band contours of the
isolated ions are different from those in the condensed phase.
The v'=0—Vv =2 and v'=0—V'=1 peaks represent the maxi-
mum of the band contours for aqueous solutions and low-
temperature diluted crystals,” while we find that the v'=0—
v'=0 and v"=0—V'=1 are of similar intensity for the isolated
ions, indicating a noticeable change in the excited-state sur-
face along the Mn—O stretching coordinate upon full solvation.
There is a solvatochromic shift of 1220 cm™ (0.15 eV) towards
the blue for the diluted crystal spectrum (800 cm™' in aqueous
solution). This shift can be caused, for example, by breaking of
the symmetry of the solute ion in interactions with the solvent.
If this were so, then attachment of a single water molecule
would introduce a large fraction of the solvatochromic shift.
The spectrum of MnO, -H,0 shown in Figure 2c implies that
this is not the case, which indicates that differential stabiliza-
tion of the ground and excited state upon more complete sol-
vation is a more likely source of the solvatochromic shift ob-
served.

Based on time-dependent density functional calculations
Neugebauer et al.”! and Jose et al. were able to simulate the
vibronic structure of the experimental spectra from low-tem-
perature crystalline solutions, making important band assign-
ments possible. Comprehensive discussions on previous theo-
retical work are given in these two very informative papers.
However, the calculated spectra were shifted by more than
0.5 eV towards the red to match the condensed phase spectra.
With the gas-phase spectrum of MnO,” at hand, we can con-
clude that the predictions of absolute energies are actually off
by more than 0.7 eV including the 0.15 eV blueshift seen be-
tween bare ions and ions in diluted crystals. We note that the
inclusion of dielectric environmental effects in the form of the
COSMO solvation model led to predicted redshifts in the exci-
tation energies® and not the experimentally observed blue-
shifts. This highlights the fact that permanganate is certainly
still a challenge for electronic structure theory.

Our spectra display absorption to the red of the first peak
extending all the way down to 14300 cm™" for MnO,™-H,0.
Similar features are observed in absorption spectra of aqueous
solutions and in diluted crystals at room temperature,”” while
Holt and Ballhausen did not find absorption below the lowest-
energy vibronic band.” The origin of this absorption is unclear.
The highest energy part of it may be caused by hot bands, but
they cannot account for the low-energy onset of the band.
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Triplet states could be responsible for the low-lying excitations,
and their energies as calculated by Dickson and Ziegler® are
compatible with the experimentally observed position of this
low-energy band. Irrespective of the actual assignment, our
work clearly verifies that this band is due to MnO,” and not
another solute species in solution.

Next we consider the results from the Boulder experiments
where photoexcitation was performed in the UV. Absorption of
UV radiation by MnO,™ leads to the loss of one oxygen atom
upon absorption of a single photon as revealed by the fluence
dependence (see the Supporting Information) of the photodis-
sociation signal at 3.75 eV photon energy (331 nm). Weak sig-
nals corresponding to the loss of dioxygen were also observed,
but they were insufficient to record useful photodissociation
spectra.

The second and third absorption bands exhibit much less vi-
bronic structure than the first. The data obtained in vacuo
(Figure 3) show more details than spectra taken in aqueous
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Figure 3. a) UV photofragment action spectrum of MnO,~ monitoring
MnO;~. The solid line shown in the regions of the second and third electron-
ic bands is a smoothed curve using seven-point adjacent averaging. b) Ab-
sorption spectrum of an aqueous solution of KMnO, (100 pm concentration).

solutions, but fewer than those obtained in crystals at low
temperatures.” The second band, which marks the transition
from the ground state to the 2'T, state,” shows an onset at
24000 cm™'. The first discernible structure is a shoulder at
26700 cm™', red-shifted by approximately 740 cm™' from the
first observable shoulder in the crystal spectrum by Holt and
Ballhausen.” A weak intensity modulation with irregular spac-
ing can be observed in both the second and the third elec-
tronic band, which is compatible with a vibrational progression

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in @ Mn—O stretching vibration, similar to the vibronic signa-
tures observed in the first electronic band. Electronic structure
calculations predict vertical transition energies for the second
and third electronic bands which are too high by 0.6 and
1.2 eV

3. Conclusions

We measured the electronic spectra of isolated permanganate
ions and their complexes with one water molecule attached.
The lowest-energy bands are almost identical except for a tiny
blueshift of 12 meV caused by the presence of a single water
molecule. We established that complete hydration gives rise to
a blueshift of about 0.1 eV and a crystalline KCIO, environment
leads to a blueshift of 0.15 eV. For the second and third elec-
tronic bands we observed blueshifts upon full solvation of the
ion. Interestingly, the trend of solvatochromic shifts from the
bare ion to an aqueous solution to the diluted crystal (Table 2)

Table 2. Solvatochromic shifts of the three lowest energy electronic
bands of MnO,” in cm™', defined as the wavenumber in vacuo subtracted

from the wavenumber in solution. The uncertainty is about 70 cm .

Band 1st 2nd 3rd

aqueous solution 800 N/A 400
diluted crystal 1220 740 1280

shows that the chemical environment in crystal experiments
that have been mostly used to benchmark calculations up to
now is more perturbative than an aqueous solution. This is
consistent with the observation that the overall in vacuo band
contours and relative intensities in the UV are closer to aque-
ous-solution data than to crystal spectra, highlighting that the
environment of an ion is important for its electronic properties.
The spectra provide new and much-needed benchmarks for
sophisticated electronic structure calculations on this highly
important metal ion complex. Last but not least, our data
allow theorists to test the role of a single water molecule on
the electronic states of permanganate. Future experiments
using cryogenically cooled ions may be a good way to obtain
an even better benchmark for this system.

Experimental Section

Altogether three experimental approaches for molecular beam
photodissociation spectroscopy were used in this work, an acceler-
ator mass spectrometer and the electrostatic storage ring ELISA,
both in Aarhus, and a reflectron time-of-flight mass spectrometer
in Boulder. The setups have been described in detail else-
where,l'*" and only a brief description is given below. In all ex-
periments, KMnO, was dissolved in acetonitrile and electrosprayed.
The internal vibrational energy in both experiments corresponds to
room temperature.

ChemPhysChem 2013, 14, 1133-1137 1136
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Aarhus Experiments

lons were passed through a heated capillary and tube-lens/skimm-
er region into an octopole that is operated as a trap by proper
pulsing of the lens directly following it. There, ions were in some
experiments allowed to react with H,0O for 25 ms at a pressure of
about 0.1 mbar. lons were accelerated to 50 keV kinetic energies,
and those of interest were selected by an electromagnet and sub-
sequently irradiated with light (420-700 nm) from an optical para-
metric oscillator pumped by the third harmonic of a Nd:YAG laser
with a repetition rate of 20 Hz. lon bunches were about 5 us long
and laser pulses shorter than 10 ns. An electrostatic analyzer was
scanned to identify the fragment ions; these were counted by
a channeltron detector. Since the ion source was running at 40 Hz,
only every second ion bunch was irradiated to obtain the laser-in-
duced signal. The formation of fragments with the laser off was
due to either dissociation of metastable ions or to collisions with
residual gas in the beam line. For high count rates, this yield was
used to correct for small fluctuations in the intensity of the parent
ions. The photo-induced yield of fragment ions was measured as
a function of wavelength. Yields were corrected for photon flux to
obtain action spectra and several spectra were taken on different
days and averaged. As fragmentation is a result of absorption,
these spectra were taken to represent absorption by the ions.

In other experiments, MnO,” ions were photo-excited by 540 nm
light in a storage ring after 15 ms of storage. Dissociation was
monitored as a function of time by detecting neutral fragments
formed either on the side where irradiation was done or on the
other side of the instrument using a secondary emission detector
(SED) and a microchannel plate (MCP) detector (Figure 1). The ion
revolution time was 42 ps.

Boulder Experiments

After passing through a desolvation capillary, electrosprayed ions
were accumulated in a linear hexapole ion trap. Subsequently, they
were extracted from the trap, focused using ion optics and inject-
ed into the acceleration region of a Wiley-McLaren time-of-flight
mass spectrometer. lons of interest were irradiated at the first
space focus of the mass spectrometer by the output of a nanosec-
ond-pulsed optical parametric converter. Using a two-stage reflec-
tron, fragment ions were mass-separated from remaining, undisso-
ciated parent ions. lons were detected on a microchannel plate de-
tector at the second space focus of the mass spectrometer. Photo-
dissociation action spectra were obtained by monitoring the frag-
ment ion intensity as a function of photon energy and corrected
for laser fluence. Signals due to unimolecular decay of metastable
(hot) parent ions or collisions with residual gas were subtracted by
running the laser at 20 Hz and the ion source at 40 Hz, subtracting
the ion signals without irradiation from those obtained with irradi-
ation. Several spectra were taken on different days and averaged.

The UV/Vis absorption spectrum of KMnO, dissolved in water at
100 um concentration was acquired using a Varian Cary 500 Scan
UV-visible-NIR spectrometer (version 8.01) with 10 mm path length,
10 cm™' step size, 2 nm resolution and an integration time of 0.1 s.
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We have performed gas-phase absorption spectroscopy in the Soret-band region of chlorophyll (Chl) a
and b tagged by quaternary ammonium ions together with time-dependent density functional theory
(TD-DFT) calculations. This band is the strongest in the visible region of metalloporphyrins and an
important reporter on the microenvironment. The cationic charge tags were tetramethylammonium,
tetrabutylammonium, and acetylcholine, and the dominant dissociation channel in all cases was
breakage of the complex to give neutral Chl and the charge tag as determined by photoinduced
dissociation mass spectroscopy. Two photons were required to induce fragmentation on the time scale
of the experiment (microseconds). Action spectra were recorded where the yield of the tag as a
function of excitation wavelength was sampled. These spectra are taken to represent the corresponding
absorption spectra. In the case of Chl a we find that the tag hardly influences the band maximum which
for all three tags is at 403 £ 5 nm. A smaller band with maximum at 365 + 10 nm was also measured
for all three complexes. The spectral quality is worse in the case of Chl b due to lower ion beam
currents; however, there is clear evidence for the absorption being to the red of that of Chl a (most
intense peak at 409 4+ 5 nm) and also a more split band. Our results demonstrate that the change in the
Soret-band spectrum when one peripheral substituent (CHs) is replaced by another (CHO) is an intrinsic
effect. First principles TD-DFT calculations agree with our experiments, supporting the intrinsic nature of
the difference between Chl a and b and also displaying minimal spectral changes when different charge
tags are employed. The deviations between theory and experiment have allowed us to estimate that the
Soret-band absorption maxima in vacuo for the neutral Chl a and Chl b should occur at 405 nm and
413 nm, respectively. Importantly, the Soret bands of the isolated species are significantly blueshifted
compared to those of solvated Chl and Chl-proteins. The protein microenvironment is certainly not
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Introduction

Chlorophyll (Chl) @ and b are the light-absorbers of plants and are
composed of a porphyrin macrocyle with a divalent magnesium
ion in the centre. The nn* transitions in the macrocycle are
responsible for the strong absorption of these molecules which
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spans most of the visible spectrum except for the green region
(which is the reason for the green colour of plants). There are
two main absorption bands denoted the Soret and the Q bands,
the latter covering the absorption by proteins in the red region
while the former is in the blue. The only difference between Chl
a and Chl b is one of the peripheral substituents that in Chl a
is a formyl group (CHO) and in Chl » a methyl group (CHjs).
Just this small difference causes the Soret band of Chl b to be
redshifted compared to that of Chl a while the opposite is true
for the Q bands."” Hence by using two different chlorophylls
instead of one, plants absorb over a broader region and thereby
better take advantage of the solar spectrum.

It is nontrivial to predict the absorption spectra of Chl a and
b and what effect the protein environment has.® Axial ligation,
nonspecific interactions with nearby amino acid residues, and
exciton coupling between two or more Chls can all be expected
to contribute to modulation of the absorption.* Similarly, solution-
phase absorption spectra will display a significant dependence
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on the solvent used. To disentangle different effects it is desir-
able (or even necessary) to possess accurate knowledge of the
absorption characteristics of isolated Chls in vacuo, the simplest
of all situations. In our previous work we recorded gas-phase
absorption spectra in the Q-band region and found that the
isolated molecules displayed significantly blueshifted absorption
spectra compared to their protein analogues, by as much as
70 nm.” Interestingly, we found the difference between Chl a and
Chl b Q-bands to be an intrinsic effect which does not necessarily
involve microenvironmental interactions with the carbonyl
group of Chl b. The absorption was obtained indirectly from
action spectroscopy where the yield of a fragment ion was
monitored as a function of excitation wavelength using a mass
spectrometer. However, as Chl is a neutral molecule not amen-
able to conventional mass spectroscopy, we tagged the molecules
with quaternary ammonium ions, namely tetramethylammo-
nium (1), tetrabutylammonium (2*), or acetylcholine (3*). These
charge tags have no mobile protons so we know with certainty
where the charge is located. Spectra were found to be surpris-
ingly independent of the charge tag which indicated that it was
remote from the m electron cloud. Density Functional Theory
(DFT) calculations fully supported this idea. While theory also
showed very little dependence on the charge tag, the computed
vertical excitation energies were systematically blueshifted by
0.11 eV for Chl @ and on average 0.15 eV for Chl b relative to
experimental band maxima. This deviation, however, allowed us
to calibrate calculated values for bare molecules with no charge
tags and obtain best estimates of the lowest-energy Q,(0-0) band
(642 nm for Chl @ and 626 nm for Chl b).

Previous work was also done by Saito et al.® on deprotonated
Chl a and Chl b; however, the absorption is significantly differ-
ent to those of the neutral chromophores as the conjugated
network is changed upon deprotonation.

Here our focus is on the Soret-band absorption, and we
make use of the same charge-tagging method introduced
above. In the previous work we could only conclude that the
band maximum was below 420 nm, the lower end of the visible
output from the optical parametric oscillator (OPO) that was
used for the experiments.

Experimental

To produce light below 420 nm with enough intensity for the
current experiments, we constructed a new laser module mixing
the fundamental output from a Nd:YAG laser (1064 nm) with the
visible output from the OPO (to be described elsewhere). Due to
technical limitations of this new laser system, our spectra are of
lower quality than those in the Q-band region, but are still good
enough to make firm conclusions.

Experiments were done with a home-built sector instrument
equipped with an electrospray ion source and a tuneable laser
system described in detail elsewhere.””® All compounds, Chl a,
Chl b, both from spinach, salts of tetramethylammonium,
tetrabutylammonium, and acetylcholine were obtained from
Sigma-Aldrich. Methanol solutions of chlorophyll @ and b and
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the charge tag were made and electrosprayed. All ions were
accumulated in an octopole trap that was emptied every 25 ms
(40 Hz repetition rate) to produce 10 ps long ion bunches.
Acceleration to 50 keV energies was followed by selection of
ions of interest according to mass-to-charge ratio by a bending
magnet. These were then irradiated by light from a pulsed laser
system: The fundamental from a Nd:YAG laser (EKSPLA) was
frequency tripled to 355 nm ultraviolet light that was split into a
visible photon (420-720 tuneable range) and an infrared idler
photon in an optical parametric oscillator (OPO). The 1064 nm
fundamental was mixed with the visible OPO output in the
home-made laser module to produce light in the 301-425 nm
range. The length of the laser pulses was a few nanoseconds
with a 20 Hz firing rate. Hence only every second ion bunch was
irradiated which allowed us to obtain the pure photoinduced
signal as ‘laser on’ minus ‘laser off’. Fragment ions formed were
analysed by a hemispherical electrostatic analyser (ESA) (according
to kinetic energy per charge) and counted by a channeltron
detector. A LabView program was used to synchronise the laser
triggering and the ion trap emptying time. Three different
experiments were done: (1) photoinduced dissociation mass
spectroscopy: The ESA was scanned at a fixed laser wavelength.
(2) Power dependence: the yield of a fragment ion was mon-
itored as a function of laser power to determine the number of
photons required for its formation on the time scale of the
experiment (up to 20 microseconds). Neutral density filters
were used to attenuate the laser beam. (3) Action spectroscopy:
the photo-induced yield of a fragment ion versus excitation
wavelength was recorded.

Computational details

The geometries of all compounds/complexes were optimised at
the DFT level using the gradient-corrected PBE functional®'®
and the Def2-SVP'""'? polarised split-valence basis set. The Orca
software package was used for all geometry optimisations.™
Default cut-off criteria for convergence of the self-consistent field
and nuclear gradient calculations were employed. Previously it
was found that the complexation of acetylcholine cation to Chl
did not involve interaction with the Mg>" ion and so this binding
mode was again excluded for the present work.

Excitation energies were calculated using time-dependent
DFT'* with the GAMESS-US software (1st October 2010 (R1)
release).”” The range-separated CAM-B3LYP functional'®'”
selected as this had previously been shown to provide good
results for the gas-phase Q-band spectra of Chl @ and b and
similar to those obtained with the computationally demanding
equation of motion coupled-cluster level of theory.'®'® Similarly,
the Def2-SVP basis set was selected for these calculations because
previous work had shown that it provided results in good agree-
ment with experiment.'® Several extremely weak excitations with
oscillator strengths approaching zero were found lying between
the Q and Soret bands, and for this reason it was necessary to
include the first 15 excited states of the Chl systems in order to
capture the excitations corresponding to the Soret band.
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Results and discussion
Experimental results

Photoexcitation of complexes between Chl a/b and a quaternary
ammonium tag led in all cases to separation of the complex. A
representative example is shown in Fig. 1 for Chl a-1" where the
wavelength of light is 360 nm, and the dominant fragment ion
is 1" (m/z 74). Fig. 2 shows the production of this fragment ion as a
function of laser power. Clearly more than one photon is needed
to cause dissociation within the instrumental time for sampling
dissociation (up to about 20 microseconds, see ion bunch profile
in ESIt). A quadratic fit seems to account nicely for the data,
which indicates that two photons are required. The data points at
maximum laser power were not included as saturation occurred
corresponding to photoexcitation of all ions in the interaction
volume (a two-photon Poisson fit including saturation fully
accounts for all points, see ESIT). To obtain action spectra, the
photoinduced signal should therefore be divided by the number
of photons raised to the power of two.
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Fig. 1 Photoinduced dissociation (PID) mass spectrum of Chl a-1*.
A =360 nm. The dominant fragment ion is the charge tag with mass 74.

Normalised photo-ion yield
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Fig. 2 Power dependence for the formation of 1* from Chl a-1*. . = 360 nm.
An ax? function was fit to the data neglecting the highest laser power
where saturation occurred.
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These action spectra are taken to represent the absorption
spectra of the ions. This is valid when the fluorescence is
insignificant or the fluorescence quantum yields do not depend
on the excitation wavelength. Quantum yields have not been
measured for gas-phase molecules but are 0.25 for solvated Chl a
independent of solvent and excitation wavelength and 0.11 and
0.06 for Chl b in ether and methanol solutions, respectively.*

Action spectra of Chl a-3" and Chl b-3" recorded by sampling
the yield of 3" as a function of wavelength are shown in Fig. 3.
They were obtained after averaging of six and five scans, respec-
tively, taken with 1 nm steps, and smoothing by 12-point sliding
averages (raw spectra are shown in the ESIt). The laser beam
overlap with the ion beam oscillates slightly due to the finite
step size by which we can move the prism in the laser module,
which is needed to separate the generated photon from the
1064 nm and visible photon. This means that we have to be
cautious in over-interpreting the band shapes. However, both
ions reveal absorption below 425 nm, and the major band for
Chl a is blueshifted relative to that for Chl b. Hence the
observation in proteins and in solutions that the Soret band
of Chl a is to the blue of that of Chl b is obtained also for the
gas-phase complexes. Hence this shift is an intrinsic effect
originating from the methyl and formyl ring substituents being
different. A similar conclusion was drawn for the Q band that
was found to be further to the red for Chl a than for Chl b.”> The
band maximum is at 404 + 5 nm for Chl a-3" while the
maximum is at 409 4+ 5 nm for Chl b-3" but with a shoulder
at 422 nm. Also a shoulder at about 440 nm was earlier seen for
Chl b. The Soret band is broad or split (in the case of Chl b)
which is due to the asymmetry of the Chl molecule which gives
rise to different transition dipoles along the x- and y-axes of the
porphyrin ring as well as vibronic coupling. There is also absorp-
tion occurring at wavelengths below 380 nm, with maxima at
about 365 nm and 340 nm.
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Fig. 3 Action spectra of Chl a-3* and Chl b-3*. These are taken to
represent the absorption by the ion—molecule complexes. The maximum
of the band is set to 1.
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We note that we have tested for reproducibility by repeating
the experiment for Chl a-3" two months later than the first
measurements and also with a lower acceleration voltage of
25 kV (see ESIT). At 25 kV acceleration the time for dissociation
is on average longer than at 50 kV acceleration but there was
no significant difference between the action spectra. Hence we
assume that most ions that have absorbed two photons dissociate
before reaching the ESA over the whole wavelength region.

The dependence on the charge tag of the absorption by Chl a
is evident from Fig. 4. The band width for Chl a-2* seems a bit
narrower than those of the two others but otherwise the spectra
are quite similar. The band maxima are at 403 £ 5 nm, 404 £
5 nm, and 404 4+ 5 nm for Chl a tagged with 1%, 2%, and 3".
Hence as for the Q-band region, the charge tag plays a minor
role for the Soret-band absorption in accordance with its
location far away from the m electron cloud and attached to
the carbonyl oxygens of the sidechains. A similar conclusion is
reached from comparison of Chl »-1" with Chl 5-3". Band
maxima are summarised in Table 1 and compared with values
obtained from the theoretical calculations.

In Fig. 5 we show the full spectra of Chl a-3" and Chl b-3"
covering both the Soret-band and Q-band regions, the latter
based on previously published spectra.” As mentioned before
the Soret band is blue-shifted for Chl a compared to Chl b while
the opposite is true for the Q band. It seems that the relative
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Fig. 4 Action spectra of Chl a with the three different charge tags. The
spectra are taken to represent the absorption by the ion—molecule complexes.
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Fig. 5 Action spectra of Chl a-3* and Chl b-3* in the Soret and Q-band
regions. The total spectra are made by combining spectra taken from

300 nm to 425 nm (present work) with spectra from 420 nm to 700 nm
(previous work).®

strength between the Soret band and the Q band is higher
for Chl a than for Chl b. However, it should be noticed that
spectra were combined based on the overlap in the relatively
small region of 420-425 nm where the absorption by Chl a is
changing rapidly.

Theoretical results and comparison with experimental data

Details of the geometries and binding of the charge tags to the
Chl molecules have been given previously and will not be discussed
further here.?

The TD-CAM-B3LYP calculated excitations energies for the
variously tagged Chls along with those of the bare neutral Chl a
and b are shown in Tables 1 and 2. An arbitrary oscillator
strength cut-off of 0.1 was used to eliminate unimportant
excitations in the regions of interest and improve the clarity
of the tabulated data. Details of the electronic transitions
and their orbital components contributing to the individual
excitations underlying the bands observed in the experimental
spectra are provided in Tables S1 and S2 in the ESI.{

For the isolated Chl a and b it was found that the Soret-
band region was composed of three excitations with a separa-
tion between the highest and lowest energy excitations of
approximately 2 eV. When the charge tags were present, the
excitation of intermediate energy was suppressed and no longer
contributed significantly to the band; however, the other two

Table 1 Summary of experimental band maxima and vertical transition energies (in eV) for the Soret band?

1 2" 3" No tag Diethyl-ether
Exp. Chl a 3.08 (403) 3.07 (404) 3.07 (404) 3.06 (405)” 2.90 (428)
Theory Chl a 3.54 (350) 3.51 (354) 3.48 (356) 3.47 (358)
Exp. Chl b 3.03 (409) 3.03 (409) 3.00 (413)" 2.73 (453)
Theory Chl b 3.34 (371) 3.32 (374) 3.29 (377) 3.28 (378)

“ Corresponding absorption wavelengths are provided in parenthesis (in nm). ” Estimated values based on deviation between theory and

experiment for tagged Chls.
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Table 2 TD-CAM-B3LYP/Def2-SVP transition energies contributing to
the Soret band and secondary minor peak. Values in eV with oscillator
strengths in parentheses

1 2" 3" No tag
Chl a
Soret 3.42 (0.91)  3.38(0.87) 3.36 (0.78)  3.34 (0.65)
3.67 (0.81)  3.64 (0.79) 3.60 (0.73)  3.45 (0.41)
3.61 (0.90)
Minor peak  3.99 (0.11)  4.07 (0.24) 3.92 (0.29)  4.00 (0.17)
4.07 (0.25) 4.08 (0.23)
4.14 (0.15)
4.17 (0.19)
Chl b
Soret 3.25 (1.00)  3.23(0.939)  3.20 (0.86)  3.16 (0.68)
3.43 (0.72)  3.41(0.747)  3.38(0.75)  3.32(0.83)
3.37 (0.39)
Minor peak  4.02 (0.11)  4.14 (0.297)  3.93 (0.20)  4.21 (0.12)
4.13 (0.28) 4.11 (0.13)
4.13 (0.23)
4.14 (0.15)

excitations remained at more or less the same energy as in the
bare-chromophore cases.

Regardless of the nature (or absence) of the charge tag a
redshift of around 0.1 to 0.2 eV was noted in the Soret-band
excitations of Chl b relative to those of Chl a, in good agreement
with experiment (see Fig. 3-5).

The geometrical means of the contributing calculated excita-
tions were used for comparison with the Soret-band maxima
recorded experimentally (Table 1). This permitted the calculation
of the average deviations between theory and experiment which
were found to be +0.44 eV for Chl a and +0.29 eV for Chl b.
By subtracting these figures from the Soret-band averages calcu-
lated for the bare neutral Chls it was possible to estimate values
for the isolated chlorophyll Soret band in vacuo of 3.06 eV
(405 nm) for Chl @ and 3.00 eV (413 nm) for Chl b.

The weaker, higher-energy band observed in the experimental
spectra was also reproduced well by the TD-CAM-B3LYP calcula-
tions. Experimentally this band was observed to lie approximately
0.3 eV higher in energy than the Soret band at 365 &+ 10 nm whilst in
the calculated spectra this blueshift was around 0.5 eV. The relative
intensities of the Soret band and this minor band were also well
reproduced with the minor band’s excitations possessing oscillator
strengths around one quarter of those of the Soret-band excitations
(compare tabulated values in Table 2 with spectra in Fig. 3 and 4).

Comparison with solvated-Chl and pigment-protein spectra

In diethyl ether Chl @ has band maxima at 428 nm, 409 nm,
379 nm, and 326 nm while the lowest energy maximum is at
418 nm in methanol.” Chl b has band maxima at 453 nm and
429 nm in diethyl ether. Hence solvation causes significant
redshifts of the Soret band for both Chl a and Chl b. As the
resolution of our gas-phase spectra is poor, we can only say that
the shift of the most intense peak of the Soret band is <23 nm
for Chl @ and <30 nm for Chl b.

In leaves all Chl pigment molecules are linked to proteins and
display different absorption:*"' light-harvesting Chl a,b-protein
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complexes have band maxima at 437 nm and 472 nm and the
Chl a of photosystem II reaction centers at 437 nm. Hence
the nearby protein environment causes larger shifts than those
upon solvation. The shifts are likely due to either axial ligation
or exciton coupling or a combination hereof. Heimdal et al.*
calculated shifts due to axial ligation between 3 and 35 nm, the
largest effect being for negatively charged ligands. More work
to decipher the effect of axial ligation on the absorption by the
gas-phase complexes would be needed to address this issue in
more detail and to verify the calculations.

Conclusions

We have provided a detailed experimental and theoretical study
of the Soret absorption band of isolated chlorophyll @ and b in
the presence of quaternary ammonium ions (charge tags). Good
agreement between experimental and theoretical (TD-DFT) data
on the ion-molecule complexes allowed us to calibrate calculated
values for bare Chl a and Chl b; our best estimates of the Soret-
band maxima in vacuo are 405 nm and 413 nm. The absorption
by Chl a is blueshifted relative to Chl b as also seen for solvated
Chl a and b and when the two pigments are situated in
proteins. Our work shows this to be an intrinsic effect that
does not necessarily involve microenvironmental perturbations
with the formyl group of Chl b. Still the gas-phase absorption
spectra are significantly blueshifted compared to protein spectra,
which emphasises the strong effect of the microenvironment
on the overall transition energies. Particularly axial ligation to
the magnesium centre is expected to play a role, which is to be
explored more in the future.
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Abstract: Exciton coupling between two or more chlorophyll
(Chl) pigments is a key mechanism associated with the color
tuning of photosynthetic proteins but it is difficult to disen-
tangle this effect from shifts that are due to the protein
microenvironment. Herein, we report the formation of the
simplest coupled system, the Chl a dimer, tagged with a quater-
nary ammonium ion by electrospray ionization. Based on
action spectroscopic studies in vacuo, the dimer complexes
were found to absorb 50-70 meV to the red of the monomers
under the same conditions. First-principles calculations predict
shifts that somewhat depend on the relative orientation of the
two Chl units, namely 50 and 30 meV for structures where the
Chl rings are stacked and unstacked, respectively. Our work
demonstrates that Chl association alone can produce a large
portion of the color shift observed in photosynthetic macro-
molecular assemblies.

The absorption wavelengths of chlorophyll (Chl) molecules
are modulated by the microenvironment surrounding each
pigment molecule. In this way, nature has evolved a method
by which the coverage of the optical spectrum and the
subsequent transfer of the absorbed energy is optimized,%
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leading to photon energy conversion efficiencies of 95% in
photosynthetic systems.”! The harvesting of light energy in
photosynthesis is therefore far more efficient than anything
thus far developed by our most cutting-edge scientific and
technological efforts. Furthermore, small modifications to the
basic Chl structure, for example, the replacement of a methyl
group in Chl a with a formyl group in Chl b, also lead to some
fine-tuning of the absorption spectra.

For decades a great deal of research activity has been
directed at understanding precisely how natural systems
modulate the absorption energies of Chl species. The highly
complex nature of the macromolecular systems involved has,
however, always served to complicate such attempts. In recent
years, experimental approaches have been joined by theoret-
ical/computational methods, and this has permitted studies at
levels of detail that were previously unattainable.'?!

Experimental methods have also continued to develop,
and recently it has become possible to study absorption
processes in Chl molecules free of solvent and other micro-
environmental effects. In pioneering experiments, Shafizadeh
et al." utilized two-color pump-probe spectroscopy to mea-
sure the lowest energy absorption band of neutral Chla
evaporated from spinach leaves. They found the origin band
of the Q, transition to be at 647 nm. Recent action spectros-
copy experiments on Chl a tagged with quaternary ammoni-
um cations, in combination with theory, provided an absorp-
tion band maximum of similar value (642 nm).!'"*""! In this
case, the absorption was obtained from the dissociation of the
complex, and a calibrated value was determined for the
neutral molecule based on the deviation between theory and
experiment. Using this same technique, Q-band maxima were
obtained for Chl b,l'"¥ and the Soret band was measured for
both Chla and Chl b."! Importantly, the large difference in
the absorption spectra of Chl a and Chl b was concluded to be
an intrinsic effect and not due to local hydrogen-bond
interactions with the formyl group of Chlb, for example,
clearly demonstrating the advantage of looking at isolated
molecules. Compared to literature values for Chl in a variety
of natural protein complexes, absorption in vacuo was found
to be blue-shifted by 50 nm.[")

With the absorption spectra of bare Chl now well
established, we can begin to ask the question of whether
shifts that are due to interactions with the protein environ-
ment are more or less important than those that are due to
excitonic coupling between two or more pigments. This issue
was very recently discussed by Baghbanzadeh and Kassal.*"!
The interactions basically govern the mechanism for energy
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transfer to the reaction center: For funneling via localized
states on the potential energy surface, the protein environ-
ment is most important whereas supertransfer requires fully
delocalized states where all pigments are electronically
coupled. In naturally occurring photosynthetic complexes,
there can be significant uninterrupted interfacial regions
between Chl molecules, and these presumably play an
important part in facilitating energy transfer between pig-
ments. Herein, we have applied the action spectroscopy
method used previously on individual Chl pigments to the
study of Chl a dimers in vacuo to evaluate the extent to which
the close association of chromophores contributes to the
spectral shift of Chl in photosynthetic systems.

To study photoabsorption with our approach it is neces-
sary for the chromophore to be charged; however, the direct
ionization of a molecule such as Chl in order to produce
a charged ion would yield the absorption energies for the
anion/cation instead of the neutral molecule. To get around
this problem, we have employed our previously developed
technique of non-covalently tagging the chromophore with
charged species to produce a complex ion.!*!!

The experimental setup has been described in detail
elsewhere.??! Chla (provided by Sigma-Aldrich) was
dissolved in methanol, and salts of either tetramethylammo-
nium (1) or acetylcholine (3*) were added (see Figure 1).
These solutions were electrosprayed to produce complexes
consisting of chlorophylls and one charge tag. All ions were
accumulated in an octopole ion trap for 25 ms. Following
extraction from the trap, the ions were accelerated to 40 ke V.
The charge-tagged complexes were then selected according to
their mass-to-charge ratios by an electromagnet and photo-
excited by a laser pulse (few nanoseconds long). Photo-
excitation led to dissociation of the complex, and the daughter
ions were separated according to their kinetic energies
(proportional to m/z) using an electrostatic analyzer and
counted with a channeltron detector. The light source used
was the visible output (420-700 nm) of an optical parametric
oscillator (OPO) pumped by a frequency-tripled, Q-switched
Nd:YAG laser (EKSPLA). The repetition rate of the laser
was 20 Hz, and only every second ion bunch was irradiated.
The real photoinduced signal was obtained as the difference
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Figure 1. Structures of molecular species employed in the present
work. Numbering of the cationic tags chosen to be consistent with our
previous related work on Chl spectra.'* '
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between the “laser on” and “laser off” signals. Each ion bunch
contained about one hundred charge-tagged Chl dimer
complexes.

Collision-induced dissociation (CID) experiments were
also performed by leaking atmospheric air into the beam line
after the mass-selection step and again scanning the electro-
static analyzer (ESA) for daughter ion mass spectrometry.
These experiments were done to confirm the identity of the
complex, and the corresponding spectra can be found in the
Supporting Information.
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Figure 2. PID mass spectrum of the dimer complex (Chl a),-1" normal-
ized to the highest fragment ion yield. The spectrum was obtained
with =420 nm. Two fragment ions are observed: the charge tag 1*
(m/z 74) and the monomer complex Chl a-1" (m/z 968).

Photoexcitation of the dimer cation complexes led to loss
of either one Chla or both Chla (see Figure2). Power
dependence experiments revealed that at least two photons
were needed for dissociation to occur within the instrumental
time window of approximately 10 us. While the complexes are
weakly bound, they have many degrees of freedom account-
ing for dissociation not being a simple one-photon process.

To correct for the variation in laser power across the
spectral region, the photoinduced signal was divided by the
number of photons at each wavelength, that is, the laser pulse
energy was divided by the photon energy, raised to the power
of 2.3 (according to the power-dependence measurements, see
the Supporting Information). The resulting action spectra
associated with each fragment ion are very similar (Support-
ing Information) and were combined to give a total action
spectrum for each charge-tagged dimer (Figure 3). The band
maximum occurs at 652+5nm (1.902+0.015eV) for both
dimer complexes. The spectra shown here were recorded with
lower resolution than those in our previous work on Chl
monomers!'*!% as the experiment was more difficult owing to
much lower ion currents. It is important to note that although
the overall band shape slightly depends on the power
correction, the band maximum does not within the exper-
imental uncertainty. Hence, our data show that the interaction
between two Chl pigments causes a red shift in the absorption
band maximum of about 15-25 nm (or 50-70 meV) relative to
the monomer charge-tag complexes. There is a second band in
the dimer spectrum at higher energy that may be due to the
higher-lying exciton state but more work is needed to
establish this with certainty.
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Figure 3. Total 2.3-photon-corrected action spectra for the dimer com-
plexes compared to the monomer complexes (dashed lines). A) Com-
plexes with charge tag 1*. B) Complexes with charge tag 3*. Line
smoothing using spline functions was performed because of the low
resolution of the dimer spectra. For the purpose of consistency
between data sets, the same smoothing was applied to the monomer
spectra.

It is also evident from our spectra that the absorption
covers a broad region from 550 nm to 675 nm. This is
expected owing to vibronic coupling and the asymmetry of
the chromophores (different transition dipoles along each
diagonal). Aside from the spectral shift, we observed that the
double-maximum character of the monomer spectrum (which
is due to vibronic coupling) was lost in the case of the dimer.
For now, the origin of this effect remains unclear and requires
further study. The band maxima will be compared to the
theoretical vertical excitation energies in the following.

The first excitation energies in vacuo for Chla dimers
complexed with a single 17 charge tag in two different
optimized ground-state geometries were calculated using
time-dependent density functional theory (TD-DFT;
Figure 4).! The range-separated CAM-B3LYP func-
tional® 2! has been found®! to provide results similar to
those obtained with the computationally demanding equa-
tion-of-motion coupled-cluster level of theory, and its use
ensured consistency with our previous work. The difference in
the first excitation energies of chlorophyll (for both the a and
b forms) using the charge tags 1" and 3" was previously found
to be less than 0.03 eV, and it was for this reason that in the
present work only the simpler 1* was employed in the
theoretical calculations.

The TD-DFT excitation energies together with the
experimental band maxima are given in Table 1. Values for
both dimer configurations are given because the energy
difference between them was only 0.018 eV at the DFT/CAM-
B3LYP/Def2-SVP level of theory, and so both can be
expected to be significantly populated at 298 K. The distances
between the two magnesium centers are 5.05 A (stacked
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Figure 4. DFT/PBE/Def2-SVP-optimized geometries of the Chl a dimer
tagged with 1 in stacked (a) and linear (b) configurations. Chl a
displayed in stick format, charge tag displayed in ball-and-stick format.
Hydrogen atoms omitted for clarity.

configuration) and 19.04 A (linear configuration). For com-
parison, the experimental and calculated excitation energies
for the monomeric Chl a-1* complex from our previous work
are also shown.!'"¥! The predicted red shift for the two dimer
structures relative to the monomer structure is 30-50 meV,
which is close to the measured value of 50-70 meV consid-
ering an uncertainty of 15 meV in the experimental data.
The main Q,(0,0) absorption band in Chl-containing
proteins is found between 660 nm and 680 nm but absorption
at even longer wavelengths (701-710 nm) is also seen for Chl
units in photosystem LI®?"l Tt is easy to account for
absorption in the 660-680 nm region because 1)isolated
neutral Chl a and Chl b that are free of charge tags absorb
maximally at 642 nm and 626 nm, respectively, according to
our previous work, 2) axial ligation has been predicted to give
a red shift of 9-19 nm,** and 3) the shift that is due to exciton
coupling according to our present results is 15-25 nm. The
maximum shift would therefore be about 680 nm. However,
to account for the absorption at 701-710 nm, it seems that
either the two Chl units have to be closer to each other than is
the case here (forced together by the protein environment) to
increase the coupling—although this seems unlikely as the
stacked dimer configuration found in the present work is
already close to the lower limit for the intermolecular
approach—or in addition to the environmental effect of the
protein surroundings, more than two Chl units couple. This is
supported by the crystal structures of systems such as the
major light harvesting complex (LHC-II) and photosystem I

Table 1: Energies of the experimental band maxima and vertical
transition energies for the Chl a dimer. Values in eV with the
corresponding absorption wavelengths in nm in parentheses.

(Chla),- 1+ Chla-1H AP
exp. 1.90 (652) 1.97 (629) ~0.07 (+23)
theory (stacked) 2.028 (611) 2.081 (596)F! —0.053 (+15)
theory (linear) 2.050 (605) 2081 (596)®  —0.031 (+9)

[a] Values from previous work.!" [b] Single value for the unique Chl a
monomer complex configuration.
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from green plants in which close proximity between more
than two Chl pigments occurs frequently.”**! We aim to
investigate the influence of larger pigment assemblies within
these protein—Chl complexes in the future by looking at
trimers or larger clusters of Chl molecules.
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REVIEW OF SCIENTIFIC INSTRUMENTS 87, 053103 (2016)

A relatively simple setup for collection and detection of light emitted from isolated photo-excited
molecular ions has been constructed. It benefits from a high collection efficiency of photons, which
is accomplished by using a cylindrical ion trap where one end-cap electrode is a mesh grid combined
with an aspheric condenser lens. The geometry permits nearly 10% of the emitted light to be
collected and, after transmission losses, approximately 5% to be delivered to the entrance of a grating
spectrometer equipped with a detector array. The high collection efficiency enables the use of pulsed
tunable lasers with low repetition rates (e.g., 20 Hz) instead of continuous wave (cw) lasers or
very high repetition rate (e.g., MHz) lasers that are typically used as light sources for gas-phase
fluorescence experiments on molecular ions. A hole has been drilled in the cylinder electrode so that
a light pulse can interact with the ion cloud in the center of the trap. Simulations indicate that these
modifications to the trap do not significantly affect the storage capability and the overall shape of the
ion cloud. The overlap between the ion cloud and the laser light is basically 100%, and experimentally
>50% of negatively charged chromophore ions are routinely photodepleted. The performance of the
setup is illustrated based on fluorescence spectra of several laser dyes, and the quality of these spectra
is comparable to those reported by other groups. Finally, by replacing the optical system with a
channeltron detector, we demonstrate that the setup can also be used for gas-phase action spectros-
copy where either depletion or fragmentation is monitored to provide an indirect measurement on the
absorption spectrum of the ion. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4948316]

Il. INTRODUCTION

Spectroscopy of (bio)molecular chromophore ions iso-
lated in vacuo is a field of intense research with the goal
to reveal their intrinsic electronic structure in the absence of
perturbations from a solvent or protein micro-environment.'~’
These large and fragile chromophore ions are typically
produced by electrospray ionization (ESI) to guarantee a soft
transfer to the gas phase. Comparisons of gas-phase spectra
to those measured when the chromophore is fully solvated
or within a protein pocket provide information on, e.g., the
effect of nearby water molecules or amino acid residues.
Most work has focused on absorption spectroscopy where
absorption is identified indirectly from either ion dissociation
or electron detachment, so-called action spectroscopy. This is
because the ion density is too low for a traditional transmission
experiment where the attenuation of light passing through a
sample is measured. Instead, specialized mass spectroscopy
equipment is required to identify the fate of the ion after light
absorption. Only a few experimental groups have measured
the light emitted from mass-selected photoexcited ions. Here
we present a new setup to measure luminescence from ions
produced by ESI, but first we discuss some of the difficulties
associated with such experiments.

In most luminescence spectroscopy experiments on
molecular ions produced by ESI, the ions are trapped in either

DElectronic mail: stockett@phys.au.dk
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a linear quadrupole trap, a Paul trap (i.e, a 3-D quadrupole
trap), or a Penning trap.®~'® The experiments are non-trivial,
not only because of the inherently low ion density but also
because photons are emitted in all directions, and the collection
of the emitted photons is limited by poor optical access to the
trapped ions. Sensitive light detectors are needed to detect
each of the rare events. Detection efficiencies are typically
much less than 1% of the total emitted photons. As an added
complication, light scattered from the laser or ambient light
is also detected, which reduces the signal-to-noise ratio, or
even causes saturation of the detector if one is not careful
enough. The same ions are irradiated multiple times with the
use of either high repetition rate (e.g., 80 MHz) pulsed lasers
or continuous wave (cw) lasers. This approach necessitates
collisional (or radiative) cooling of the excited ions between
each excitation event. The pressure of the helium buffer gas
used to facilitate the trapping of the ions, together with the
applied laser power, are therefore highly important adjustable
parameters. The rate of collisions at typical buffer gas densities
(10" cm™3)is ~10° s~! while the time between two laser pulses
from an 80 MHz laser is only 12.5 ns. For a pulsed laser
experiment, the number of photons in each pulse has to be
kept low to avoid two-photon absorption, which is the reason
for the use of high repetition rate lasers. The optimal solution
is to produce a high number of photons broadly distributed
over time to maximize the number of excitation events, each
associated with emitted photons from the ions being hit. A cw
laser is as such the best choice but the wavelength tunability
is poor compared to that of a pulsed laser. An alternative

Published by AIP Publishing.
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approach, described here, utilizes a laser with a low repetition
rate (20 Hz), and where the ion trap is emptied and refilled
following every laser shot.

While measuring the spectrum of light emitted (i.e.,
dispersed fluorescence) from isolated ions is difficult for the
above-mentioned reasons, it has some advantages over gas-
phase absorption spectroscopy. Unlike action spectroscopy,
where the absorption of multiple photons is often required
to induce measurable fragmentation, fluorescence can be
observed following the absorption of just a single photon.
This is particularly important for large molecular ions that are
not easily dissociated, and where kinetic shifts can skew the
spectrum obtained from an absorption experiment. Indeed,
beautiful fluorescence spectra of ionic laser dyes have been
reported, and even time-resolved light emission has been
followed on the nanosecond time scale.®!”! Spectra have
also been published of biomolecular ions, e.g., xanthene-based
rhodamine dyes,'"!>!>!1? fluorescein and derivatives,’*?! and
non-covalent host-guest complexes.'” Finally, Forster Res-
onance Energy Transfer (FRET) experiments on gas-phase
biomolecular ions have been performed””=' to monitor the
separation of double-stranded oligonucleotide anions (i.e.,
duplex melting) or conformations of peptides and proteins
and noncovalent complexes.

To study molecular ions that are produced by low-current
ion sources (e.g., ESI) and that have low fluorescence quantum
yields, setups with high collection efficiencies are desirable.
Further, such setups are crucial if laser systems with low
repetition rates are to be employed. Here we describe a
homebuilt setup that is based on a Paul trap with a cylindrical
geometry following the design of Wells et al.*> The advantage
of using a Paul trap instead of, e.g., a linear quadrupole trap is
the confinement of ions to the center, and the light emitted after
photo-excitation is almost originating from a point source. The
cylindrical variant is much easier to construct and modify than
the traditional version which utilizes hyperbolic electrodes. In
our design, a hole in the cylindrical electrode permits laser
irradiation of the trapped ions and one end-cap electrode is
a wire mesh grid. A condenser lens is mounted as close as
possible to the grid electrode allowing light collection from
a greater solid angle than in other existing setups. We have
performed detailed numerical simulations which show that,
despite all the modifications, the electric field near the center
of our trap is close to that of an ideal quadrupole trap. The idea
behind this design is based on a setup made by O’Keefe and co-
workers** ¢ to measure light-induced fluorescence spectra of
small molecular cations (e.g., CD*, N ; , and BrCN*) produced
directly in a quadrupole ion trap by electron ionization.

(a) (b) (o) (d)

Rev. Sci. Instrum. 87, 053103 (2016)

Applying this approach to larger molecular ions was suggested
by Parks and co-workers over a decade ago,” but never
implemented until now.

We demonstrate that our setup provides high quality
dispersed fluorescence spectra of ions produced by ESI even
when a 20 Hz laser is used as the excitation source. In
contrast to other ESI-trap fluorescence experiments, the ions
are only irradiated once before the trap is emptied, and there
are therefore no issues with thermalization of photo-excited
ions or photodissociation (the latter of course depletes the
population of ions stored in the trap and thus lowers the
fluorescence signal but the fragment ions do not otherwise
disturb the experiment); we will discuss this issue later in this
article. The setup can also be used for absorption spectroscopy
(based on dissociation and electron detachment) from a simple
replacement of the light collection optics with a channeltron
detector. Finally, we discuss the potential use of such a setup
for detection of light emission from cryogenically cooled ions.

Il. DESIGN

The electrospray ion source and cylindrical quadrupole
ion trap, shown together in Fig. I, are similar to those
previously used on the ELISA (Electrostatic Ion Storage
Ring, Aarhus) electrostatic storage ring.’” All components
were manufactured in-house. Ions formed by electrospray
ionization enter the first vacuum chamber through a heated
capillary. A tube lens focuses the ions through a skimmer into
a second chamber. The ions are guided through this chamber,
which serves mainly as a differential pumping stage, by an
octopole ion guide. A lens packet focuses the ions through a
small aperture at the exit of the ion guide into a third chamber
where the ion trap is mounted. An Einzel lens focuses the ion
beam into the entrance aperture of the trap.

The cylindrical ion trap, shown in Fig. 2, was built
using the optimized geometry determined by Wells et al.*
The cylindrical geometry combines ease of manufacture with
adequate performance in mass-selective operation. The inner
radius of the cylinderis r; = 10 mm and the axial distance from
the center of the trap to the end-cap electrode is z; = 9 mm, and
there is a gap of D = 1 mm between the cylinder electrode and
the end-caps. A radio frequency (RF) potential of frequency
Q/2m =770 kHz and amplitude up to V = 1.5 kV (0-peak)
is applied to the cylinder using a home built power supply to
create an approximate quadrupolar potential for ion trapping.
Additional DC voltages £15 V are applied to the end-caps.
A L =4 mm hole through the side of the cylinder electrode
permits laser excitation of the trapped ions. The laser pulse

1 mbar

10™% mbar

| e Joh

1076 mbar

FIG. 1. Schematic of electrospray ion source and cylindrical ion trap. Shown are the (a) heated capillary, (b) tube lens, (c¢) skimmer, (d) octopole ion guide, (e)

lens packet, (f) Einzel lens, and (g) cylindrical ion trap.
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FIG. 2. Cutaway views of the cylindrical ion trap with modified end-cap for
fluorescence experiments. A wire mesh grid electrode permits more emitted
radiation to be collected by the aspheric condenser lens directly behind the
grid. The hole in the cylinder (diameter L =4 mm) allows laser access. Ions
enter the trap through a hole of diameter £ =2 mm. Also indicated are the
trap dimensions r; = 10 mm, z| =9 mm, and the gap between the cylinder and
end-cap electrodes D =1 mm. The axes used in our numerical simulations
are defined in the right-hand view, where the lens and its mounting have been
removed to reveal the grid.

(beam diameter ~3 mm) enters and exits the vacuum chamber
containing the trap through anti-reflection coated fused silica
windows oriented perpendicular to the beam. No baffles are
used to reduce scattered laser light; a simple iris outside the
chamber is used to define the beam diameter.

For use in fluorescence experiments, one of the end-caps
has been replaced with a wire mesh grid electrode to permit
more light to be collected. A schematic of the optical system
is shown in Fig. 3. An aspheric condenser lens (Thorlabs,
18 mm diameter) is mounted inside the modified end-cap with
the optical surface as close to the grid as possible to maximize
the solid angle for light collection. The focal length of the
lens (15 mm) is chosen such that the ion cloud sits slightly
inside the focal distance. This yields a well-collimated beam
of collected radiation which is coupled out of the vacuum
chamber through an anti-reflection coated window. The high
numerical aperture of the aspheric lens (0.57) corresponds to
a solid angle of 1.1 sr, meaning that nearly 10% of the light
emitted by the ions falls within the cone of angles collected by
the lens. Outside the vacuum chamber, notch filters (Thorlabs)
used to reduce scattered laser light and an achromatic focusing
lens (Thorlabs, focal length 10 cm) are mounted on a rail

=2

'.:!

i
r (a)_ d(b) (c) (d) (e) (f)

FIG. 3. Schematic optical layout showing (a) trap, (b) condenser lens, (c)
chamber window, (d) notch filter, (e) collector lens, and (f) spectrometer
entrance slit.
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system co-axial with the ion trap. The achromatic lens focuses
the collected radiation onto the entrance slit of a grating
spectrometer (Andor Shamrock 303i, 303 mm focal length)
equipped with an electron multiplying CCD camera (Andor
Newton model DU970P-BVF, 1600 x 20016 pum X 16 um
pixels). Taking into account transmission losses from the
grid electrode and all optical elements, we estimate that
approximately 5% of the emitted radiation is delivered to
the spectrometer entrance slit. This high collection efficiency
distinguishes our apparatus from those developed by other
groups.

For all fluorescence spectra presented in this article, the
1 MHz readout mode of the CCD camera was used, with a
pre-amplifier gain of 4 and an electron multiplication gain of
255. A 50 kHz readout mode was not found to meaningfully
improve the signal-to-noise ratio in our experiments. A
300 lines/mm grating (500 nm blaze) and a 1.5-2.0 mm slit
width on the spectrometer provided adequate resolution. The
triggering of the laser, camera, and trap are controlled using a
simple LabVIEW program and a TTL pulse generator.

lll. NUMERICAL SIMULATIONS

To investigate the properties of the cylindrical ion trap
with the mesh grid electrode and to estimate the size of
the ion cloud, numerical simulations were performed using the
SIMION 8.0 software. The program was used to solve the
Laplace equation for the chosen trap geometry on a grid with
a spatial resolution of 0.1 mm. For the cloud simulations,
1000 ions of mass 163 amu (or 479 amu) and charge —1e (or
+1e) were initialized in the center of the trap with a kinetic en-
ergy of 0.2 eV and a corresponding velocity vector uniformly
distributed in all directions. Ion trajectories were computed by
numerical integration of the equations of motion while at the
same time taking into account collisions between the ion and
the He buffer gas. The collisions happened at random times,
but such that the average distance travelled by the ions between
collisions was equal to the mean free path (assuming a colli-
sional cross section of o = 2.3 x 10718 m?) at a buffer gas pres-
sure of 5x1073 mbar. The collisions were modelled as hard-
sphere elastic collisions in which the He atom was generated
with a random velocity drawn from a Maxwell-Boltzmann
velocity distribution with a temperature of 7 = 300 K (see
Ref. 38 for details). Each ion was propagated for a time span
of 4000 us, and its position was logged at a time interval of
10 us, but only during the last 1000 us of the simulation to
ensure that the ion ensemble was equilibrated. To simulate the
stability region, the buffer gas collisions were turned off, and
the ions were initialized slightly outside the trap center with
a kinetic energy of 2 meV with a spatially isotropic velocity
distribution. The RF amplitude (0-peak), V, and DC offset, U,
were varied, and a point in (V,U) space was defined as stable
if the ions were still trapped after a propagation time of 1 ms.

Fig. 4 shows the ion column density for two of the
ions presented later in this work, simulated under typical
experimental conditions. Also indicated is the area accessible
to the laser light. The FWHM (Full Width at Half Maximum)
of the distributions in the radial and axial directions is
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FIG. 4. Simulated column densities of ions in cylindrical trap at a buffer gas pressure of 5x10~3 mbar at a temperature of T = 300 K. Panels (a) and (b) are for
ions of mass 163 amu and charge g = —1e trapped at an RF amplitude of V =450 V and an RF frequency of Q /27 =770 kHz, and with end-cap potentials of
+15 V. The ion cloud is viewed along the x (a) and z (b) axes. Panels (c) and (d) are for ions of mass 479 amu and charge ¢ = +1e trapped at an RF amplitude of
V =1000 V and an RF frequency of Q /27 =770 kHz, and with end-cap potentials of —15 V. The ion cloud is viewed along the x (c) and z (d) axes. The areas
bounded by the white dashed curves indicate the areas accessible to the laser light.

0.7 mm and 0.5 mm for ions of mass 163 amu and 479 amu In Fig. 5, we show the equipotential curves calculated
respectively. Hence, both ion clouds occupy a small volume using SIMION for the cylindrical ion trap (full lines). From
compared to that accessible to the laser light thus ensuring a these simulations, it is clear the that wire mesh grid electrode
good overlap between the two. causes only minor distortions of the field, and only very close

0+ 0

-10 -5 0 5 10 -10 -5 0 5 10
z [mm)] z [mm]

FIG. 5. Calculated equipotential curves of the cylindrical ion trap with a RF potential of 100 V applied to the ring electrode while both end cap electrodes are
kept at ground potential. (a) Equipotential curves in the (z, y) plane. The full lines display the equipotential curves in steps of 10 V from 0 V to 100 V. The
dashed lines represent the corresponding equipotential curves of the pure quadrupolar potential that provides the best description of the cylindrical trap potential.
(b) Equipotential curves in the (z, x) plane. The full lines display the equipotential curves in steps of 10 V from 0 V to 100 V. For comparison, the dotted lines
represent the corresponding equipotential curves in the (z, y) plane also shown in (a).
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to the grid itself. In Fig. 5(a), an ideal quadrupolar field
(dashed lines) is shown for comparison. Although the field
in our cylindrical trap deviates from the ideal case close to the
electrodes, it is very similar near the center of the trap (recall
that the ion cloud diameter is less than 1 mm). In Fig. 5(b),
the (very small) effect of the laser access holes can be seen by
comparing the equipotential curves in the (z, x) (solid lines, see
Fig. 2 for axes) to those in the (z, y) plane (dotted lines, same
as solid lines in Fig. 5(a)). Taken together, these simulations
demonstrate that our modified cylindrical ion trap should
function in much the same way as a traditional Paul trap.

For future experiments, we intend to operate the trap in
a mass-selective mode by adding a DC offset U to the RF
potential applied to the cylinder electrode, using the octopole
as a pre-trap. We have therefore simulated, and present here,
the stability diagram for our cylindrical trap, including the
effects of the grid electrode and laser access holes. These
calculations are also important for establishing the low-mass
cutoff in RF-only mode. The stability region of an ideal three-
dimensional quadrupole ion trap is described in terms of the
a and g parameters defined as®

—16geU
e ror ®
0 0
8qgeV
.= -2q, = —— 2 @)

- m(rk +2z2)Q%

Here, m and ge are the ion mass and charge, QQ and V the
angular frequency and amplitude of the RF potential, while
Uy = U — Ugygq is the difference between the static potential
applied to the ring electrode, U, and that applied to the end cap
electrodes, Ue.nq. The parameters, 7 and zo, describe the trap
geometry such that 2ry is the innermost diameter of the ring
electrode while 2z is the smallest distance between the end
cap electrodes (in analogy with our definition of r; and z;
for the cylindrical ion trap in Fig. 2). In order to apply the
well-established theory for ideal quadrupole ion traps to our
cylindrical ion trap, a pure quadrupolar potential is fitted to the
potential created by the current trap geometry (Fig. 5) which
yields the values rp = 9.2 mm and zp = 8.8 mm as compared
to r; = 10 mm and z; = 9 mm. Fig. 6 displays the simulated
stability region for two different potentials applied to the end
cap electrodes and the theoretical stability regions obtained
using the ordinary Mathieu stability diagram with the a and
q parameters described above. As can be seen, the theoretical
curves provide a very good description of the simulated
stability regions. It is also clear that the potential applied to the
end cap electrodes must be taken into consideration in mass-
selection mode, as this potential offsets the entire stability
region. Based on our calculated stability region parameters
and the operating range of our RF power supply, we should
be able to mass-selectively store ions with masses from about
80 to 270 amu. With no mass-selection, there is in principle
no upper limit to the mass of the ion which can be stored.

IV. RESULTS

The fluorescence spectra of three different cations
from the family of Rhodamine laser dyes (Rhodamine 6G
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FIG. 6. Simulated stability region for an ion of mass 163 amu in the cylin-
drical ion trap. The filled circles and open squares represent the simulated
stability region with the end cap electrodes kept at ground potential or at
+15 'V, respectively. Also shown are the two theoretical stability regions
determined by use of Eq. (1).

(479 amu), Rhodamine B (479 amu), and Sulphorhodamine
B (559 amu)) recorded with our apparatus are shown in
Fig. 7. An optical parametric oscillator pumped with a 20 Hz,
frequency-tripled, Q-switched Nd:YAG laser (EKSPLA)
produced <10-ns pulses which were overlapped with the
stored ion cloud. The linewidth of the laser is <5 cm™!, and
approximately 0.1 mJ/pulse was delivered to the trap. The
ions are accumulated in the trap for approximately 50 ms (one
laser cycle time) and then irradiated with a single laser pulse,
with the resulting emission being out-coupled and detected as
described above. We note that no DC offset was applied to
the cylinder electrode (U = 0), and thus all ions produced in
the ESI source with masses greater than the low mass cutoff
(about 160 amu for the RF amplitude used, V = 1000 V)
were stored. The trap is then emptied by switching off the
RF trapping voltage and raising the entrance end-cap voltage

o e v b by v v b b by
— Rho 110 Ae,= 445 nm
— Rho 6G Aex= 445 nm
—— Rho B Ae=514 nm
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FIG. 7. Dispersed fluorescence spectra of trapped Rhodamine 110, Rho-
damine 6G, and Rhodamine B cations excited by a ns-pulsed laser at the
indicated wavelengths. Notch filters at corresponding wavelengths were used
to reduce scattered laser light.
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FIG. 8. Timing diagram for measuring fluorescence spectra of positive ions
with a 20 Hz ns-pulsed laser.

to +15 V. Another spectrum is then acquired after the next
laser shot with no ions in the trap (laser-on, ions-off). The
+15 V entrance end-cap voltage prevents ions from entering
the trap during the ions-off acquisition. A schematic timing
diagram for one such cycle is shown in Fig. 8. This cycle
is repeated with alternating acquisitions of ions-on and ions-
off spectra to improve signal-to-noise. The spectra in Fig. 7
are the difference between the ions-on and ions-off signals
accumulated over 10000 cycles (about 15 min).

Dispersed fluorescence spectra of Rhodamine B cations
were measured with different helium buffer gas pressures
in the trap, varying by more than an order of magnitude
(Fig. 9). The pressure is not measured directly in the trap
for technical reasons, and the gauge reading is therefore
a lower bound on the actual trap pressure. Further, these
values have not been corrected for gas species. The lowest
value was 0.5 x 10™* mbar and the highest 8.0 x 10~* mbar.
While the total fluorescence signal not surprisingly depends
on pressure as there is an optimum pressure for ion trapping,
the normalized dispersed fluorescence spectra do not. This
clearly shows the advantage of replacing ions between each
laser irradiation event. We do not rely on collisional cooling
of hot ions, which is needed when the same ions are irradiated

(quasi-)continuously.'%!?
coo o by b b
1.0 Pressure N
1 (10" mbar) r
5 0.8 — 05 -
T ] — 1.0 r
s ] _ L
© 0.6 2.0 -
2 ] — 4.0
E 0.4
S
0.2

AR
0.0"

500 550 600 650 700
Wavelength (nm)

FIG. 9. Dispersed fluorescence spectra of Rhodamine B cations (A=
514 nm, 250 wJ/pulse) recorded at different buffer gas pressures (measured
outside the trap).
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FIG. 10. Dispersed fluorescence spectra of Rhodamine B cations (A, =
514 nm) recorded at different laser intensities (measured following the trap).

It should be noted that by using a high-intensity pulsed
laser, multiple photon absorption is possible within a single
pulse. This distorts the shape of the fluorescence band, as
shown in Fig. 10. Use of high laser pulse energies (measured
using a power meter placed after the trap) introduces a shoulder
to the red, but the band maximum remains unchanged.

We have also used our setup to measure the fluorescence
spectra of ions excited with a continuous wave (cw) laser. In
Fig. 11, we show the results of one such experiment, where
Rhodamine 110 cations were excited using a blue (405 nm)
laser pointer. For these measurements, the camera exposure
time was increased to 40 ms, but all other timing parameters
(Fig. 8) were kept the same. This measurement demonstrates
the sensitivity and flexibility of our apparatus.

To obtain reasonable signal-to-noise ratios for the fluores-
cence spectra of laser dyes using our pulsed laser, acquisition
times of minutes are needed. Hence it takes at least an order
of magnitude longer time to record a spectrum with a 20-Hz
laser than it does when much higher repetition rate lasers or cw
lasers are used. However, our approach has several advantages:
(1) The photon collection efficiency is higher than that for other
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FIG. 11. Dispersed fluorescence spectrum of trapped Rhodamine 110 cations
excited with a 5 mW, 405 nm cw laser.
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setups where fluorescence is measured from ions produced by
ESI. (2) Fluorescence spectra are independent of helium buffer
gas pressure as discussed above. (3) The number of photons
emitted is directly related to the fluorescence quantum yield
and does not change between each laser shot. Hence the time it
takes to record a given number of photons emitted from a cloud
of trapped ions is linearly proportional to the fluorescence
quantum yield. If we assume 100% fluorescence quantum
yields for the laser dyes studied, it would take 100 times longer
to detect the same number of photons from ions that have a
quantum yield of say only 1%. This is a doable experiment.
(4) If electron detachment or prompt dissociation occur with
a certain probability (Pless), the number of ions, N(n), in a
multiple irradiation experiment quickly decreases with the
number of laser shots (n): N(n) = Ny(1 — Plogs + Paps)". Here,
Ny is the initial number of ions in the trap, and Pgps is
the probability with which the ion absorbs a photon, which
depends on the laser power and can be as high as 50% in
our experiments (see Section V). Even if Poss - Paps is only
1%, N is reduced by more than four orders of magnitudes
after n = 1000 laser shots, that is after only about 10 us
using a 80 MHz laser. This issue is irrelevant with our setup
as long as the fluorescence quantum yield is non-zero. (5)
The replacement of ions between each laser shot could be
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important for further development of a setup for detecting
fluorescence from cryogenically cooled ions. Here cooling
times between irradiation events become more crucial, which
is an issue that is avoided with a low repetition rate. In
such experiments, the octupole ion guide in our ESI source
could be used as a pre-trap to maximize the cooling time
in the Paul trap, an approach that has been demonstrated
previously.*?

V. DEPLETION MEASUREMENTS

In order to optimize the trapping parameters and laser-
ion overlap, we performed photo-depletion measurements on
several molecular anions. These experiments also demonstrate
the possibilities for utilizing our apparatus for absorption ac-
tion spectroscopy. For these measurements, the condenser lens
and optical assembly is removed and a channeltron detector
placed outside the trap facing the grid electrode. While being
continuously filled with ions from the electrospray source,
the trap is emptied at a repetition rate of 40 Hz. This is
accomplished by switching off the RF voltage (1/e fall-time
~3 us) and swapping the polarity of the DC voltage on the
entrance end-cap from +15 V to —15 V (for negative ions)
while keeping the exit end-cap at +15 V. Prior to every
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FIG. 12. Action spectroscopy of pCA™ ions stored in the trap. Panel (a) shows the time profiles of the ion bunches ejected from the trap with (ON, red) and
without (OFF, blue) laser irradiation, and the difference between the ON and OFF signals (Difference, black) showing clear evidence for photodepletion of the
stored pCA ™ ions. For times >12 us the difference signal is negative indicating electron detachment, whereas for times <12 us the difference signal is positive,
suggesting fragmentation of the pCA™ ions. Panel (b) shows simulated time profiles for 1000 ions of mass 163 amu (pCA~, green) and 119 amu ([pCA-CO3]",
pink) stored in the trap using the same parameters as the experiment. Panel (c) are hypothetical ON, OFF and difference profiles (same labelling as (a)) based
on the simulated time profiles in (b). Panel (d) shows the normalized magnitude of the experimental difference signal as a function of excitation wavelength for
times >12 us (black) and <12 us (gray). Also shown are action spectra recorded at the ELISA storage ring.*”
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second emptying, the ion cloud is irradiated with a single
laser pulse. The neutralization of the stored anions, whether by
direct electron detachment or delayed emission, gives rise to
a difference in the number of ions counted by the channeltron
between the laser-on and laser-off measurements.

This difference signal can be clearly seen in Fig. 12(a),
where we show the ion bunch profiles for deprotonated
trans-p-coumaric acid (pCA™) ejected from the trap with
and without 422 nm laser excitation prior to extraction.
The difference signal is negative for times (measured from
when the trigger signal to empty the trap is sent) greater
than 12 us, due to photodepletion of the pCA™ ions. The
depletion at this wavelength is greater than 50% of the
stored ion population, implying excellent overlap of the laser
beam with the ion cloud. The large peak in the time profile
between 10 and 12 us is presumably due to the presence
in the trap of ions other than pCA~ (no mass-selection
was applied in these experiments) which are not depleted
by irradiation at these wavelengths. Indeed, the difference
signal for times <12 us is slightly positive, suggesting that
these co-stored ions could be charged fragments of pCA™.
Time-resolved photodissociation experiments*' have found
that 70% of photo-excited pCA™ ions (mass 163 amu) decay
by vibrational auto-detachment, with the rest undergoing
dissociation, losing a CO, group and yielding a fragment with
a mass of 119 amu. In Fig. 12(b), we show time profiles
simulated in SIMION using the same trapping parameters as
in the experiment, but assuming that only ions of mass 163 or
119 amu were stored. Fig. 12(c) shows hypothetical laser-
on, laser-off, and difference signals assuming equal initial
populations of mass 163 and 119, 100% depletion of mass
163 with 30% fragmentation to mass 119. The agreement
with the measured time profiles is striking, and strongly
suggests that the difference in time profiles can be viewed
as a crude time-of-flight mass spectrum. Fig. 12(d) shows the
magnitude of the pCA™ depletion signal (for times >12 us)
and the positive difference signal (formation of fragments
with mass 119 amu, times <12 us) as functions of the
laser wavelength, corrected for laser power and normalized
to the signal at 420 nm. The spectra are identical, and in
good agreement with earlier gas-phase absorption spectra
measured using the electrostatic storage ring ELISA.*> While
far from definitive, these preliminary results point to exciting
possibilities for combining photo-induced dissociation mass
spectroscopy experiments with fluorescence measurements
using this apparatus.

Another example demonstrating the versatility of our
apparatus is shown in Fig. 13, where we show action spectra
for deprotonated trans-thiophenyl-p-coumarate (pCT") ions.
In this case, photo-excitation has been shown to lead to the
fast (100 ns timescale) loss of the thiophenyl group with a
high Kinetic Energy Release (KER).*' In our experiments,
this high KER causes the fragments to no longer be stored.
These fragments are ejected from the trap shortly after the
laser pulse in characteristic microbunches in phase with the
RF voltage, as shown in the inset of Fig. 13. The two action
spectra, measured by monitoring the depletion of the stored
pCT~ ions and the ejection of fragment ions, are both in good
agreement with previous measurements at ELISA.*
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FIG. 13. Action spectra for the pCT~ ion stored in the trap. The action
spectrum recorded at the ELISA storage ring is also shown for comparison.
The inset shows the ejection of high kinetic energy fragments from the trap
in phase with the RF trapping voltage.

VI. CONCLUSION

We have presented a thorough description of our home-
built apparatus for measuring luminescence spectra of trapped
molecular ions produced by electrospray ionization (ESI). Our
design is based on a modified Paul trap with a cylindrical
geometry and a specially designed end-cap for efficient light
collection using a condenser lens mounted as close as possible
to the emitting ions. The high collection efficiency of our
setup permits the use of a low repetition rate (20 Hz) laser
for excitation, allowing the trap to be emptied and refilled
between each laser shot. In this way, the ions are only
irradiated once, eliminating the considerations surrounding
the cooling ions between excitation events and the buildup of
photoproducts that can occur under continuous irradiation. We
have furthermore demonstrated that our setup can be used to
measure the absorption spectra of trapped ions. We refer to the
apparatus as LUNA, or luminescence instrument in Aarhus,
after the latin name for the Moon, which lights up the night sky.
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Nile blue shows its true colors in gas-phase absorption
and luminescence ion spectroscopy
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Nile blue is used extensively in biology as a histological stain and fluorescent probe. Its absorption and
emission spectra are strongly solvent dependent, with variations larger than 100 nm. The molecule is
charged due to an iminium group, and it is therefore an obvious target for gas-phase ion spectroscopy.
Here we report the absorption and emission spectra of the mass-selected bare ions isolated in vacuo,
and based on our results we revisit the interpretation of solution-phase spectra. An accelerator
mass spectrometer was used for absorption spectroscopy where the absorption is represented by the
yield of photofragment ions versus excitation wavelength (action spectroscopy). The luminescence
experiments were done with a newly built ion trap setup equipped with an electrospray ion source,
and some details on the mass selection technique will be given which have not been described before.
In vacuo, the absorption and emission maxima are at 580 + 10 nm and 628 + 1 nm. These values are
somewhat blue-shifted relative to those obtained in most solvents; however, they are much further to
the red than those in some of the most non-polar solvents. Furthermore, the Stokes shift in the gas
phase (1300 cm™") is much smaller than that in these non-polar solvents but similar to that in polar
ones. An explanation based on charge localization by solvent dipoles, or by counterions in some
non-polar solvents, can fully account for these findings. Hence in the case of ions, it is nontrivial to
establish intrinsic electronic transition energies from solvatochromic shifts alone. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4962364]

. INTRODUCTION heterogeneous ion-counterion pairs may be formed in some
non-polar solvents; this issue will be addressed further
here.

Gas-phase ion spectroscopy is necessary to firmly
establish the intrinsic spectroscopic properties of NB in the
absence of environmental perturbations induced by solvent
molecules or counter-anions. Experimental gas-phase data
are also useful to benchmark quantum chemical calculations
of the NB optical properties.>® In this work, we have
studied the absorption by NB isolated in vacuo using Photo-
Induced Dissociation (PID) action spectroscopy as well as
its luminescence spectrum after photo-excitation utilizing a
new instrument in which a quadrupole ion trap is coupled to
an optical spectrometer.'! We note that earlier gas-phase
spectroscopy of NB is limited to the infrared multiple
photon dissociation (IRMPD) spectrum revealing vibrational
frequencies.*

Nile blue (NB) is a histological stain that has found
wide applications as a fluorescent probe' and in cell biology.”
It is a phenoxazinium and carries one positive charge that is
delocalized over the whole molecule; two important resonance
formulas are shown in Fig. 1 where either the diethylamino
substituent or the amino substituent is an iminium. The
heterocyclic oxygen bridges the conjugation and is also partly
positively charged. This electronic delocalization gives rise
to strong absorption in the visible region and thus intensely
colored solutions. NB is soluble in polar solvents like water,
largely because of the positive charge, which can be important
for some biotechnological applications.

The spectroscopic properties of Nile blue, the structurally
similar (but neutral) Nile red, and their derivatives have
been investigated in great detail.>® The electronic transition
energies of NB decrease as the solvent polarity increases,
e.g., absorption (emission) band maxima are 473 nm
(546 nm) in n-hexane and 635 nm (674 nm) in water.®

The fluorescence quantum yield is also solvent dependent, Il. EXPERIMENTAL DETAILS

with measured values ranging from 0.01 in water’ to 0.27
in methanol and 0.50 in 1,2-dichloroethane.'” However,
these effects do not have a simple dependence on solvent
polarity, which has led to considerable disagreement over
the character of the transition. This matter is complicated
by the possibility, recognized by several authors,’ that

3 Author to whom correspondence should be addressed. Electronic mail:
stockett@phys.au.dk

0021-9606/2016/145(10)/104303/5/$30.00

145, 104303-1

In the study of complex molecules in the gas-phase,
the density of ions in vacuo is too low for traditional
transmission experiments employing Beer’s law. Instead,
action spectroscopy is performed using specially designed
mass spectrometers. Photon absorption is identified indirectly
from the production of ion fragments, neutrals, or electrons
whose yields are monitored versus excitation wavelength.
Such a spectrum is taken to represent the electronic absorption
spectrum.

Published by AIP Publishing.
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FIG. 1. Dominant resonance formulas of Nile blue.
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The accelerator mass spectrometer instrument for gas-
phase ion absorption spectroscopy has been described in
detail previously.'>'? Briefly, NB was produced in gas phase
by electrospray ionization (ESI) of NB dissolved in methanol.
Ions were accumulated in an octopole ion trap that was
emptied every 25 ms. lons were accelerated to 50 keV
kinetic energies, and those of interest were selected by a
bending magnet by their mass to charge ratio (m/z = 318 amu
for NB). Every second ion bunch was irradiated with
visible light from a 20 Hz laser system (EKSPLA). The
fundamental from an Nd:YAG laser was frequency tripled
to 355 nm, which was used to pump an optical parametric
oscillator (OPO) to produce visible light. Neutral density
filters were used to reduce laser power when needed.
Fragment ions produced were separated by a hemispherical
electrostatic analyzer and counted by a channeltron detector.
Synchronization and timing were controlled by a LabView
program.

In the case of luminescence spectroscopy, photons emitted
by laser-excited ions are collected and detected. This is
nontrivial due again to the low number of ions but also due to
limited optical access to the ions in the radio-frequency (RF)

=.=H=H e

Octopole

(Pretrap) Einzel lens

Heated capillary
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ion traps typically used in these experiments.'*!> It is crucial
to diminish the scattered light to an absolute minimum.'® Our
setup for luminescence experiments (LUNA) has also been
described previously.'! The heart of this instrument, shown
schematically in Fig. 2, is a custom-made cylindrical Paul trap
with integrated optics and a large light-collection solid angle.
We have implemented a new scheme for mass selection of
trapped ions prior laser irradiation which is suitable for use
with low repetition rate pulsed lasers such as that employed
here (20 Hz). In contrast to other researchers using cw or MHz
repetition rate lasers,'*!” the ions in our trap are irradiated
by a single laser shot before the trap is emptied and refilled.
This eliminates problems like photobleaching and the need
for fine-tuning of the laser power and buffer gas pressure.'®
The details of this scheme are found in the supplementary
material.

Tons produced by ESI are accumulated in an octopole
for 50 ms. The ion bunch is then transferred to the Paul
trap, where the ions are cooled to the center in collisions
with helium buffer gas. After a certain storage time (~1 ms),
the DC voltage on the cylinder electrode is changed to mass
select the ions of interest (see the supplementary material).
Next follows the laser excitation pulse (from the same 20 Hz
repetition rate laser system described above) and the detection
of fluorescence. To correct for scattered laser light and other
background sources, the experiment is repeated in alternating
sets of 100 cycles with ions in the trap followed by 100
cycles with no ions (the trap RF voltage is switched off). The
difference between the “ions on” and “ions off”” acquisitions
is the fluorescence signal.

lll. RESULTS AND DISCUSSION
A. Photo-induced dissociation action spectroscopy

Excitation of Nile blue at 560 nm leads to one dominant
fragment ion (m/z = 274 amu), formed after loss of C;Hg
(44 amu) from the parent ion (318 amu) via a 1,2-elimination
process within the diethylamino group. This dissociation
channel was also seen to dominate after absorption of multiple
IR photons.* Minor fragment ions are at m/z = 303 [0.08]:
loss of CHj3, 289 [0.08]: loss of CH5CH,, 260 [0.03]: loss
of two CH3CH,, and 246 [0.05]: loss of N(CH,CHj3),, with
their yields given relative to m/z = 274 amu in brackets.
The mass resolution is low and the given masses could be
off by 1 amu. Laser power dependence experiments were

Cylinder Lenses CCD camera

_\..’/\

' s | Notch filter

Paul trap

Spectrometer

FIG. 2. The luminescence in Aarhus instrument, LUNA.'!
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FIG. 3. Absorption (blue) and emission (red) spectra of NB in vacuo. The
solid red line is a fit to the emission data. The vertical lines indicate the
absorption and emission band maxima and their uncertainties.

performed to establish the number of photons absorbed by
the parent ions in order to form each fragment within the
instrumental time scale of 20 us. For m/z = 274 and 303 amu,
the yield increased quadratically with the laser power (shown
for m/z =274 in Fig. S3 of the supplementary material),
indicating a 2-photon process. At high laser power, some
saturation occurred. All other fragments appeared to result
from the absorption of 3 or more photons. For the wavelength
scan experiments, neutral density filters were therefore used
to reduce laser power where needed in the spectrum. Several
scans (more than ten) were combined to give the action
spectrum for the formation of m/z =274 in Fig. 3; each
data point is obtained after subtraction of “laser off” signal
from “laser on” signal divided by the number of photons
in the pulse raised to second order (to account for the
2-photon power dependence and the variation of the laser
power across the tuning range). It is evident that absorption oc-
curs over a broad region from 480 nm to 650 nm. Similar action
spectra were obtained for the other fragment ions (not shown).
The absorption band maximum is at about 580 nm with an
uncertainty of +10 nm, as indicated by the blue shaded area in
Fig. 3.

Time-Dependent Density Functional Theory (TD-DFT)
calculations predict a gas-phase absorption band maximum of
512 nm for NB cations,® while the dynamic approach taken
by Marazzi et al. predicts 545 or 585 nm, depending on
the functional used. The rather large differences between
theoretical methods and between theory and experiment
illustrate the importance of performing such experiments in
the gas-phase.

B. Luminescence spectroscopy of Nile blue cations
in vacuo

NB ions were mass-selected and stored in the Paul
trap, followed by irradiation with laser light. Two excitation
wavelengths were used, 560 nm and 515 nm, within the
absorption band of the ions (vide supra). The luminescence
spectrum after 560 nm excitation is shown in Fig. 3. The solid
line is a fit to the data using a sum of two extreme value
functions,

J. Chem. Phys. 145, 104303 (2016)
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FIG. 4. Emission from NB ions in vacuo with A¢x =515 nm. The solid line is
a 50-point Savitzky-Golay smoothing. The vertical line indicates the emission
band maximum obtained from the A¢x =560 nm spectrum (Fig. 3).

y = Axexp[—exp((x — xo)/w) = (x = x0)/(w)] (1)

as recommended by Greisch et al.'” The position of the band

maximum obtained from this fit is 628 = 1 nm. There is a
small shoulder at 668 nm due to a vibronic transition with a
vibrational frequency of about 1400 cm™'. This shoulder is
also reflected in the absorption spectrum at around 536 nm.
The spectrum obtained after 515 nm excitation (Fig. 4) is
similar but of lower quality as this wavelength is in the tail of
the absorption band.

Comparing the maxima of the gas-phase absorption
and emission spectra (Fig. 3), the Stokes shift is about
1300 £ 300 cm~!. This is significantly greater than that
seen in other gas-phase ion experiments, e.g., <500 cm™!
for rhodamine cations.”® According to resonance Raman
spectroscopy of NB in solution, a 590 cm™ vibrational mode
is strongly coupled with the electronic transition.”! A simple
scheme can therefore account for the shift: absorption involves
the 590 cm™! mode with v’ —v = +1 (v’ and v are excited
state and ground state vibrational quantum numbers) followed
by internal vibrational redistribution (IVR) and Av’ = —1.
According to the mirror-image rule, the emission will then
be associated with v’ —v = —1. As a result, the difference
between absorption and emission is two quanta of 590 cm™!,
i.e., 1180 cm™!. This number is close to the measured shift of
1300 cm™!, noting that the frequency may be different for the
gas-phase ion than in solution.

C. Comparison with spectroscopic data for Nile blue
in solution

Dutt et al.,** Krihak et al.,>> Jose and Burgess,8 and
Gilani et al.’ give values for the absorption and emission band
maxima of NB in different solvents, mostly with chloride
or perchlorate counter-anions. In Fig. 5 we have plotted
these values versus the normalized solvent polarity, E}V .
This scale is based on the E7(30) scale but normalized so
that tetramethylsilane has a polarity of 0 and water 1.* The
E7(30) values refer to excitation energies of propidium phenol
betaine in different solvents.”” This indicator molecule is a
neutral zwitterion which experiences a significant decrease in
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FIG. 5. Absorption (blue) and emission (red) maxima of NB in various
solvents. Filled symbols indicate protic solvents. The horizontal lines indicate
the gas phase values and their uncertainties.

dipole moment upon excitation (charge transfer (CT)). In the
figure, horizontal lines indicate the absorption and emission
maxima measured in vacuo. The E}V value for vacuum should
be close to zero. In cases where multiple authors report values
for a common solvent, the average has been plotted. In the
case of acetone, Jose et al. give significantly different values
than the other authors (the counterion is not given in this
case); these are denoted with asterisks.
‘We make the following observations:

1. The solution-phase data fall in two groups: one group of
solutions display absorption at about 625 nm and emission
at about 660 nm, while a group of (mostly) non-polar
solvents has larger variations in the band maxima which
are much further to the blue. 1-decanol is the only protic
solvent, and the only one with E;V > (.5, to fall into this
latter “blue” group.

2. The Stokes shifts are significantly larger for solvents in the
blue group than in the red group (2800 cm™' compared to
780 cm™!); this does not depend on whether the solvent is
protic or aprotic.

3. The gas-phase band maxima are in between the two groups
and display a Stokes shift of 1300 cm™!, closer to that seen
for the red group than to the blue group.

In general,”® one expects the absorption and emission
of solvated molecules to be red-shifted relative to their gas-
phase values. This is because the excited state is usually
more stabilized by the instantaneously polarizable medium.
Following absorption, the excited state energy may be
further reduced (and the ground state energy raised) by
the re-orientation of the solvent molecules. This increases
the Stokes shift, an effect that increases with increasing
solvent polarity. It is thus highly unusual that a non-
polar solvent such as n-hexane (E}V =0.009) should give
transitions which are strongly blue-shifted, and with much
larger Stokes shifts, compared to the gas phase and to more
polar solvents. These measurements indicate that NB does
not exist as a solvated ion in this solvent, or in the other
non-polar solvents in the blue group. Indeed, the data are
easily understood in terms of heterogeneous ion-counterion
pair formation for solvents in this group, which would
account both for blue-shifted absorption and a large Stokes

J. Chem. Phys. 145, 104303 (2016)

shift. A similar argument can also explain the red-shifted
absorption in the other solvents relative to the gas-phase
data.

There are two opposing effects on transition energies due
to specific interactions with a nearby counter-ion or a single
solvent dipole. In both cases, the charge is localized in favor
of one of the resonance formulas in Fig. 1, which results
in a charge-transfer-like transition as negative charge density
moves towards the positive end upon excitation. Charge-
transfer (CT) transitions are normally to the red of transitions
that are delocalized over the whole molecule before and after.
For example, the CT transition of the meta-nitrophenolate
anion absorbs 6500 cm™! to the red of the para- isomer
(which has no CT character) in vacuo.”’

On the other hand, the electrostatic interaction energy
between the ion and the counter-ion/dipole is diminished in
the excited state, which causes a blue-shift. For the ion pair,
the lowering of the interaction energy between the charge
site and the counter-anion can easily be more important than
the redshift due to a CT-like transition. For example, the
Coulomb energy between an iminium group and a nearby
chloride ion at a distance of 3 A is nearly 40000 cm™'.
Even a partial loss of this energy upon a CT-like excitation
would cause a significant blue-shift compared to gas phase.
Furthermore, the less-positive charge on the iminium would
cause partial separation of the ion pair in the excited state.
This would lead to a large Stokes shift as the geometry would
be wrong for the ground state ion pair complex (the excited
energy state is lowered while the ground state energy is
increased).

The situation in a polar solvent is more subtle. The
electrostatic interaction energy due to specific interactions
with a solvent dipole is weaker than in the counterion case, and
the competition with the effect of charge localization transition
energies is more closely balanced. In the nitrophenolate
example, addition of a single water molecule to the meta-
nitrophenolate anion blue-shifts the CT band by 1800 cm™,
while para-nitrophenolate is red-shifted by 1050 cm™'.?%?
In some cases where the ion has no permanent dipole
moment, binding of a single solvent dipole has no effect
on the absorption band.’>*' Furthermore, in a bulk solvent,
there will be favorable interactions between the positive
charge that is generated by the CT transition and nearby
solvent dipoles, which may reduce or eliminate the loss of
electrostatic interaction upon excitation. Taken together, the
effect of specific interactions with a nearby solvent molecule
can be expected to give an overall red-shift.

The Stokes shift in the polar solvents is slightly smaller
than in gas phase which implies that there is little or no
reorientation of the solvent dipoles for these solvents. This
contrasts with the interpretation of Gilani et al. where solvent
reorientation is considered important due to a large apparent
increase in dipole moment in the excited state compared
to the ground state.’ The ground and excited state dipole
moments were obtained from the solvatochromic methods
but with large uncertainties. Dutt et al. also find a large
increase in dipole moment using solvatochromic methods.??
On the other hand, recent calculations by Marazzi et al.
using a polarizable continuum model for the solvent find that
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the dipole moment of NB decreases in the excited state.’
While they do not explicitly calculate excited state dipole
moments, Fleming et al. find a high degree of orbital overlap
between the ground and excited states of NB (again using a
continuum model), indicating little change in dipole moment.®
This suggests that charge localization by specific interactions
with nearby solvent molecules may play an important
role.

Excluding the solvents where ion-counterion par forma-
tion is suspected based on comparison to gas-phase data,
NB appears to be only weakly solvatochromic. The average
red-shift in the absorption band maximum in solution is
about 1300 cm™!. This is close to the red-shift of the
(non-CT) transition in para-nitrophenolate given by the
addition of a single solvent molecule. More gas-phase
experiments are needed to determine the effect of specific
interactions with solvent molecules on complex ions like Nile
blue.

IV. CONCLUSION

It can be difficult to interpret and model the effect of
solvation on the optical properties of a complex molecule.
This is especially true in the case of ions, where interactions
with counter-ions and solvent dipoles are strong and can
perturb the ion’s energy structure in ways that are difficult
to predict quantitatively. Gas-phase ion spectroscopy can
be used to determine intrinsic absorption and luminescence
spectra in the absence of these perturbations. The continued
development of gas-phase ions spectroscopy techniques is
increasing the quality and availability of these spectra,
which serve as a baseline for comparison to solution
and even more complex situations like biological media.*
Furthermore, theoretical calculations of complex ions are
much more straightforward to carry out without considering
a solvent environment, and gas-phase experiments are crucial
benchmarks for such calculations. In the case of Nile blue,
differing interpretations have been applied to the available
experimental and theoretical data.>>*% Our new gas-phase
spectra allow us to re-evaluate these interpretations and
place all the available data in a self-consistent framework
which can explain many of the unusual characteristics of Nile
blue.

SUPPLEMENTARY MATERIAL

See supplementary material for a detailed description
of the mass selection scheme developed for use with
low repetition rate pulsed lasers, as well as photo-induced
dissociation laser power dependence measurements.
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