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A BSTRACT
During my Ph.D. studies I have investigated different large biomolecular systems. Specifically, I have worked with the protonated Schiff base
retinal and the green fluorescent protein (GFP). Protonated Schiff base
retinal is the photoactive part (called the chromophore) of cells in the
eyes responsible for starting the vision process. When the chromophore
absorbs a photon it gets excited. From the excited state it returns to the
ground state via internal conversion (IC) facilitated by a cis-trans isomerisation. This isomerisation initiates a sequence of processes, which
eventually sends a vision signal to the brain. In GFP, blue photons are
absorbed and green light is emitted. Fluorescence is another possible
excited state de-excitation channel and under the right circumstances it
can dominate the other channels. While the chromophore is inside the
protein these conditions are upheld and the primary decay channel is
fluorescence. Both systems have a photoactive chromophore surrounded
by a protein structure. The question this thesis is trying to answer is: What
is the intrinsic properties of the chromophores, and what is induced by
interactions with the protein environment?
To answer questions like these, gas phase spectroscopy measurements are used to investigate ions isolated in vacuum. I have investigated
how the 11-cis and all-trans isomers of the protonated Schiff base retinal absorb in the UV-region. Although the two isomers absorb similarly
in the visible region, their UV spectra differ significantly. After the inherent spectral properties of the chromophore are determined, small
protein-like perturbations are added one at a time and their effects are
quantified. The interesting transition related to the vision process is the
S1 ←S0 transition in the visible region. By applying different interaction to
the chromophore the energy (color) of the transition can be tuned. Two
different interactions have been investigated:1) A shortening of the molecule and 2) the interaction with a strong dipole. Both effects blueshift
the absorption and the size of the blueshift is proportional to the strength
of the dipole and inversely proportional to the length of the conjugated
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system in the molecule squared. Beyond the spectral properties, the
protein environment can also tune the dynamics of the chromophore,
e.g. decay channel specificity or rates. Using femto-second pump-probe
laser pulses, the intrinsic isomerisation speeds of retinal chromophores
can be determined. The 11-cis isomer is measured to be inherently fast
in vacuum (400 fs), whereas the the all-trans isomer is slower in vacuum
(3 ps) than in the protein (500 fs). This means, that the isomerisation
process of the all-trans is somehow facilitated by the protein.
When isolated in vacuum the GFP chromophore no longer fluoresces,
as other de-excitation channels are more favourable. It has been suggested that a large electric field can quench these other channels, enabling
the gas-phase fluorescence once more. To test this hypothesis, spectroscopic and fluorescence measurements were made for a GFP model
chromophore complexed with a strong dipole, in this case betaine. The
electric field from betaine is comparable to the electric field the chromophore is affected by while inside the protein. The fluorescence measurements yielded no results, while the spectroscopic shift from the dipole
proved to be, all things considered, small. As a part of the photocycle
in the green fluorescent protein, the chromophore transfers a proton so
it can fluoresce from an anionic form. This behaviour is modelled and
tested using a hydrogen bonded complex between a GFP model chromophore and a proton acceptor. The experiment is divided into three
parts: First part is to determine the initial proton position. This is done
by utilising, that the absorption has a large dependency on the protonation state of the chromophore. The second part is to measure the final
position of the proton by means of photofragment analysis. Finally, the
dynamics involved are determined using a femto-second pump-probe
scheme. Although the dynamics measurements did not quite pan out the
way I hoped, there is still evidence that the proton transfer abilities are
intrinsic to the GFP chromophore.
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BSTRACT

I løbet af min Ph.D. har jeg undersøgt forskellige store biomolekyler.
Specielt har jeg arbejdet med protoneret Schiff base retinal og det grønne
fluorescerende protein (GFP), der begge har stor foto-biofysisk interesse.
Protoneret Schiff base retinal er den fotoaktive del (kaldet kromoforen)
af de celler i øjnene, der er ansvarlige for at starte synsprocessen. Efter
absorption af en foton eksiteres kromoforen, hvorefter den henfalder ved
at lave en cis-trans isomerisering. Denne isomerisering starter en proces,
der flytter en proton, hvilket i sidste ende sender et signal til hjernen, om
at en foton er blevet absorberet. I GFP absorberes bestemte blå fotoner,
men her giver det anledning til udsendelse af grønt lys. Ved at holde
kromoforen i den eksiterede tilstand øges effektiviteten for henfald ved
fluorescens frem for isomerisering eller andre intramolekylære processer.
Kromoforene befinder sig inde midt i en protein struktur. I dette arbejde
har jeg forsøgt at besvare: Hvad er kromoforenes egne egenskaber og
hvad er induceret af vekselvirkning med omgivelserne?
For at besvare spørgsmål som disse, benyttes gasfase spektroskopiske
metoder, hvor de molekylære ioner isoleres i vakuum. Jeg har undersøgt, hvorledes de to isomerer 11-cis og all-trans protoneret Schiff base
retinal (PSBR) absorberer i UV området. De to isomerer har ret ens actiontværsnit i det synlige område, men er markant forskellige i UV området.
Efter de basale kromofor-egenskaber er bestemt, kan små proteinlignende ændringer tilføjes og deres effekter kvantificeres. Den interessante
overgang for synsprocessen er S1 ←S0 overgangen, der ligger i det synlige område. Ved at ændre vekselvirkningen med molekylet er det muligt
at skifte denne absorption. To forskellige vekselvirkninger er undersøgt:
1) Forkortning af molekylet og 2) påvirkning fra en stærk dipol. Begge
leder til blåskift med en størrelse, der er proportionalt med dipol styrken og går som L12 med konjugeringslængden,L, i molekylet. Ud over de
spektrale egenskaber kan proteinmiljøet også modulere effektiviteten
af trans-cis isomeriseringen. 11-cis isomeren er naturligt hurtig (400 fs),
mens all-trans isomeren er langsommere i vakuum (3 ps) end i proteinet
v

vi
(500 fs). Isomeriseringsprocessen fra all-trans hjælpes altså på vej i proteinet og bliver mere effektiv, mens 11-cis ikke behøver ”hjælp” andet end
beskyttelse fra opløsningsmidlet.
Kromoforen fra GFP fluorescerer ikke i vakuum, da andre de-eksitationskanaler er mere favorable. Det er blevet foreslået, at et stort elektrisk felt
kan lukke nogle af disse kanaler, hvorved kromoforen kommer til at lyse i
vakuum. Derfor laves både spektroskopiske og flurescens undersøgelser
af GFP kromoforen i et kompleks med betain. Der blev ikke målt fluorescens fra komplekset, mens spektroskopien viste et lille blåskift ved
vekselvirkning med en stærk dipol som betain.
Som en del af fotocyklusen i GFP overføres en proton i den eksiterede
tilstand. Denne overførsel har jeg undersøgt ved at lave et hydrogenbundet kompleks bestående af GFP model kromoforen som proton donor
og en proton acceptor. Forsøget deles op i tre trin: 1) I første trin bestemmes begyndelsespositionen af protonen. Dette gøres ved at udnytte en
markant forskel i absorption fra hhv. den neutrale og deprotonerede kromofor. 2) Dernæst findes slutpositionen ved at analysere hvilke ladede
fragmenter komplekset går i stykker til efter lys-eksitation. 3) Til sidst
undersøges selve dynamikken i processen. Dynamikken undersøges til
sidst ved hjælp af femto-sekund pumpe-probe laser pulser. Selvom resultaterne på dette område ikke flaskede sig helt, er der stadig evidens for at
kromoforen har protonoverførselsegenskaber.
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1

I NTRODUCTION
1.1 The Fuel of the World
What fuels the world? This question usually leads to a discussion of fossil
fuels versus wind power, nuclear power, hydro power or solar power.
But in essence the fuel for the modern society has little to do with the
fuel of the world. What fuels the world, enabling life as we know it, is
indisputably solar power[1]! The photosynthesis in plants convert light
into chemical energy typically in the form of sugar[2]. Animals eat the
plants and as they are digested release energy starting the circle of life.
Thus the light driven photosynthesis is nessesary for life. Additionally, a
bi product of the photosynthesis is the oxygenation of Earth, enabling
the evolution of higher life forms[3].
The photosynthetic process turns light into energy, but how do the
plants capture the light from the Sun and transfer it into usable energy?
1
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Figure 1.1: A 3D structure of the green fluorescent protein. The photoactive chromophore is highlighted in yellow in the middle of the protein.
Figure reprinted from reference [4].
To answer this question we must try to understand the fundamental
building blocks that photo-active proteins utilise.

1.2 Photo-Active Proteins
Light harvesting proteins take many forms. Typically, a light absorbing part, called the chromophore, is protected by a surrounding protein
pocket[5–7]. In the case of photosynthesis, the chromophore is chlorophyll. In the light harvesting systems in plants, solar energy is absorbed
2
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by chlorophylls and efficiently transferred to reaction centers, where
charge-separation occurs, eventually transforming the photon energy
into ATP[8, 9].
The emission spectrum from the Sun is comparable to that of a black
body with a temperature of 5800 K[10]. Most of the UV radiation is absorbed in the ozonlayer[11], and the spectrum of light actually reaching
the surface of the Earth is broadly distributed from 250 nm to above
2200 nm. Chlorophylls in green plants absorb all the visible light, except
the green part, which is why the plants are green. This absorption is
controlled on a molecular level by the energies of the electronic states in
the chromophore.
Interesting photo-active proteins are found in a wide variety of different systems and usages. The photoactive yellow protein, PYP, acts as
a detector for blue light, which is harmful to the bacteria inwhich the
protein recides[7, 12]. Another chromophore is retinal. Situated inside
the bacteriorhodopsin in the cell membrane of some bacteria, the chromophore acts as a proton pump. By transferring a proton out of the cell
an electric potential is created that is used by other systems in the cell to
create ATP[13, 14]. The versatility in the systems utilising photo-active
chromophores is exemplified in another application; that is, the vision
proteins of animals where retinal also is the photo-active chromophore.
After photo-excitation, the retinal chromophore undergoes fast internal
conversion facilitated by a cis-trans isomerisation. This isomerisation
starts a sequence where a proton is moved and eventually a vision signal
is send to the brain[15, 16].
Photo-active proteins not only absorb light, but can in some cases
emit it as well. The Green Fluorescent Protein (GFP), first discovered in
1961[17], is the origin of fluorescence from the Aequorea Victoria jellyfish. An illustration of the protein can be seen in Figure 1.1, with the
chromophore highlighted in yellow. Today, GFP has many applications,
mainly through its fluorescent proterties. Most commonly, it is used as
a biological marker facilitating studies of gene expression, illumination
3
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and tracking of tumour progression to name a few[18, 19]. Its importance
was recognized in 2008 when the Nobel prize in Chemistry was given to
Osamu Shimomura, Martin Chalfie and Roger Y. Tsien ”for the discovery
and development of the green fluorescent protein, GFP”[20].

1.3 Intrinsic Chromophore Properties
If we want to illuminate the vision process or potentially use these efficient light harvesting techniques, we must first fully understand the
chromophores involved. The common denominator for these systems
is the protective protein pocket. But what is inherently chromophore
properties and what is protein environment induced? Does the protein affect not only the spectral characteristics of the chromophore but can the
efficiency be controlled as well? To answer these questions and provide
benchmarks for ab initio theory and calculation of large molecules, the
chromophores need to be studied in isolation, void of any perturbations,
where the intrinsic properties of the chromophores can be established.
For this, gas-phase measurements are used.
Furthermore, using a ”bottom up” approach, protein environmentlike perturbations can be added one at a time. Single perturbations can
include effects of a single hydrogen bond[21, 22], a water molecule[23],
proton acceptor complex[24] or a dipole interaction[25]. Gas-phase measurements have been utilised on biochromophores at ELISA (described in
section 2.3) since 2001[21, 26–30].

1.4 Process Efficiency
What makes a process efficient? On a molecular level efficiency is determined both by the speed and the specificity of a process. As the chromophore is excited it can decay through different channels, illustrated in
4
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Figure 1.2: Multiple decay channels are available from the excited state.
Some channels use the same mechanism to reach different end products.
The excited state lifetime, τ A ∗ , is governed by the rates of each channel.

Figure 1.2. Electron detachment, fluorescence and internal conversion
(IC) are all ways, the chromophore can return to the electronic ground
state. The efficiency of each channel is determined by their rate as a
much faster process is a lot more likely than a slow process. The lifetime
of the excited state is, as such, governed by the fastest process.
In the case of retinal, following absorption of a visible photon, the
chromophore undergoes internal conversion through photo-isomerisation
and returns to the electronic ground state. Internal conversion processes
can lead to photo-isomerisation at many places along the carbon tail.
In bacteriorhodopsins the all-trans chromophore photo-isomerises to
13-cis with high specificity (65 %) and speed (500 fs)[31–33]. For this
process to be efficient, the speed and this specific isomerisation must
supersede any competing channels. For instance, fluorescence from an
excited state happens on a nano-second time-scale, therefore, the photoisomerisation must happen faster to effectively out-compete this channel.
Transversely, in the green fluorescent protein (as the name would sug5
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gest) the dominating de-excitation channel is fluorescence. Fluorescence
happens on a nano-second time-scale and there the excited state lifetime
of the chromophore in the protein must be of this order. The question is;
does the protein interactions play a part in tuning not only the spectroscopic properties, but also the time-scales and specificities of selected
de-excitation channels, increasing the overall efficiency of the protein?

1.5 Main Goal of Project
The main goal of my Ph.D. project is to investigate the intrinsic properties
of different molecular ions. Especially, the protonated Schiff base retinal
and the green fluorescent protein chromophore.
My focus in the retinal case has been on characterising the UV absorption of the central 11-cis and all-trans isomers. Furthermore, ways of tuning the absorption spectrum by using dipole complexes and shortened
retinal derivatives have been investigated. Lastly, femto-second pumpprobe techniques have been employed to investigate the intrinsic photoisomerisation speed of 11-cis and all-trans retinal in an attempt to answer
whether or not the isomerisation is facilitated by the protein.
Previous measurements have revealed the excited state lifetime of an
anionic GFP model chromophore to be 1.4 ps in the gas phase[34], effectively quenching any fluorescence. Park and Rhee have theorised that the
electric field from the protein matrix enables the fluorescence within the
protein[35]. Attempts have been made to turn on the gas phase fluorescence by applying an electric field to the chromophore using a strong
dipole complex. The spectroscopic effects of such a dipole have also been
measured. Finally, the intrinsic excited state proton transfer properties
of a GFP model chromophore, a major part in the GFP photocycle, have
been investigated .

6
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1.6 Thesis Outline
This thesis is structured as follows:
Chapter 2: Experimental Setup and Techniques
Description of the experimental setups ELISA and SAPHIRA and the different experimental methods used in the acquisition of data.
Chapter 3: Protonated Schiff Base Retinal
This chapter is based on the work done on the protonated Schiff base
retinal. The UV absorption of different retinal isomers as well as different
methods for tuning the absorption is presented. Finally, the speed of
photo-isomerisation is investigated. The chapter is presented mainly as
full published papers (I and II). Data regarding spectral tuning have been
extracted from other published papers (IV and V). These papers can be
read in full length in the appendix.
Chapter 4: The Green Fluorescent Protein
This chapter presents the data from the study of the green fluorescent
protein chromophore. First, the investigation of the dipole complex is
presented as a full paper (III). Last, the data regarding the excited state
proton transfer investigation is presented.
Chapter 5: Conclusion and outlook
This chapter concludes the thesis and presents ideas for further studies.
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CHAPTER

2

E XPERIMENTAL S ETUP AND
T ECHNIQUES
In my studies of the intrinsic properties of molecular ion chromophores
the electrostatic storage ring setups ELISA[36–38] and SAPHIRA[39] have
been used. Control of the gas phase ions facilitates the interaction
between ions and light, produced in a tunable pulsed laser system. At
ELISA the laser system is a pulsed nano-second Nd:YAG from EKSPLA
and at SAPHIRA it is a femto-second Ti:Sapphire from Coherent. Two
systems that compliment each other well. The nano-second laser at
ELISA has a large tuneable range with relatively high pulse energy and
the femto-second system provides the ultra short pulses required to resolve molecular dynamics. In both setups, electrospray ionization is used
to transfer large biomolecules from solution phase into the gas phase.
Some sections in this chapter are included from my progress report with
9
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modifications.

2.1 Electrospray Ionization
ElectroSpray Ionization (ESI) is a gentle form of ionization allowing the
study of large biomolecules in the gas phase[40]. The ESI ion source
at ELISA is shown in a schematic drawing in Figure 2.1. Molecules are
dissolved in e.g. methanol and the solution is pushed through a thin
needle. A high voltage difference is applies between the needle tip and
the front end of the heated capillary. The spray process is very fickle, as
small changes in flow rate, electric field geometry and/or needle position
influences the efficiency of the source and even the isomeric composition
of the sample, as shown by Xia and Attygalle[41]. Over time depositions
on the capillary surface change electric field geometry, which can cause
efficiency drops during long measurements.
Once the charged droplets are formed at the needle tip, they are
sucked into a heated capillary because of the difference in potential and
pressure. The droplets are guided through the heated capillary (heated
to 70-80 ◦C) where the solvent is evaporated. Two models describe the
evaporation process. The charged residue model as described by Dole
et al. In this model, the solvent gradually evaporates, leading to a coulomb explosion as the surface charge gradually increases[42]. Or the ion
evaporation model, described by Iribarne and Thomsom[43]; where the
increasing surface tension favours desorption of smaller ion clusters from
the droplet is.
After the heated capillary, the ions are guided through an octopol
ion guide. Hereafter they are trapped in a multi-pole RF ion trap with
a helium buffer gas (22 poles at ELISA and 16 poles at SAPHIRA). This
buffer gas serves to slow down and thermalize the ions. Around the
multipole is a reservoir intended for cooling of the trap with liquid nitrogen to around 100 K[44]. The ions are accumulated here and extracted
10
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Figure 2.1: A schematic drawing of the ESI ion source. A difference in
potential and pressure accelerates the charged droplets into the heated
capillary where solvent is evaporated to reveal desired molecular ions in
the gas phase. These ions are bunched in a multipole ion trap before being accelerated further into the ring. The entire ion source is differentially
pumped down to low pressure.
as bunches of ions roughly 30 µs long by switching the potential of the
trap end-electrodes. The whole ion source is differentially pumped from
atmospheric pressure to ∼10−7 mbar beyond the multi-pole ion trap.

2.2 Electrostatic Storage Rings
Storage rings based on electrostatic elements have seen a surge in popularity, with rings built or commissioned in Japan, Sweden, Denmark and
Germany to name a few countries. While all utilise electrostatics, each
ring has unique elements. The RIKEN cryogenic electrostatic ring (RICE)
successfully cooled the entire ring to temperatures of 4 K[45]. A more
grand design is seen at DESIREE in Sweden. Two coupled electrostatic
11
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storage rings enable study of cation-anion interactions[46]. The coming
storage ring X-Ring in Aarhus takes advantage of ASTRID2 and will utilise
synchrotron radiation as its light source[47]. The CSR in Heidelberg is
very large with a circumference of 35 m which is almost five times that of
ELISA. Ions are stored here at kinetic energies up to 300 keV per charge
unit[48].
Charged particles moving in electromagnetic fields are subject to the
Lorentz force, F = q(E + v × B). Named after Dutch physicist and Nobel
Prize winner Hendrik A. Lorentz who is credited with having derived the
relation in 1895[49]. The centripetal acceleration of a charged particle
moving in circular motion with constant speed, v, and radius, r , is given
2
by a = vr rˆ. For circular motion resulting from a radial electric field E = E rˆ,
the force is

F = qE = qE rˆ = ma = m

qE =

2K
r

v2
rˆ
r

(2.1)

(2.2)

as kinetic energy is given by 2K = mv 2 . This expression (2.2) is independent of ion mass and relates electric field strength to kinetic energy.
With no mass dependencies in the ring, ions from the source requires
mass selecting prior to injection into the ring. When investigating heavy
ions electrostatic rings become advantageous over magnetic storage rings
because large ion masses require large magnetic fields. Furthermore,
while optimising, one can use a strong ion beam and tune the mass
selection to the desired ion once optimisation is complete.
In the following chapter the ELISA and SAPHIRA storage rings and
general experimental setups will be discussed.
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2.3 ELISA
ELectrostatic Ion Storage ring in Aarhus was the first electrostatic storage
ring[36–38]. Since her birth in the basements at Aarhus University in
1998, ELISA has seen quite her share of interesting experiments. Now, 20
years later, she has moved out of the darkness and up into the light on the
5th floor, where she continues to enable the study of large biomolecules
in the gas phase[50].

2.3.1 The Ring
The entire ion source is lifted to 22 kV thus the ions are accelerated to
22 keV if they are singly charged. ESI produces a variety of ions in the
gas phase so mass selection is necessary to ensure the experiments are
carried out on the right molecule. This mass selection is done using a
90° bending magnet that is also based on the Lorentz force of a charged
particle moving in a magnetic field. Therefore, controlling the current
through the electromagnet controls the magnetic field, and in turn a
specific mass over charge ratio is selected for injection into the ring. In
order to control the beam, multiple electrostatic elements are placed in
the injection beamline and throughout the ring. A schematic drawing
of ELISA can be seen in Figure 2.2. The ring itself consists mainly of
two large 160° electrostatic bending electrodes and four 10° electrostatic
deflectors. The voltage applied to the electrostatic ring deflectors, as well
as all steering elements, make up the multidimensional parameter space
that can be optimised in order to obtain maximum signal and storage of
ions in the ring.

2.3.2 Detection
At ELISA detection of particles is possible at two different places. At the
end of the first straight section (s1) before the ions have made a turn, an
13
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Figure 2.2: A schematic drawing of the electrostatic storage ring, ELISA.
The ions circulate counter-clockwise through the electrostatic elements
for multiple ms. The revolution time is based on molecular mass, but is
usually in the order of 80 µs.

MCP detector is situated and half a revolution later a secondary electron
detector (SED) is positioned. The MCP detector consists of two micro
channel plates and a phosphor screen. When neutral fragments hit the
detector, a cascade of electrons is started which results in a measurable
signal. An image of the phosphor screen is captured using a camera in
order to give a visualization of the actual ion beam inside the ring. As
neutral particles do not feel the electric field of the bending electrodes
they will continue straight into either detector and generate a detectable signal. The SED has a coated glass plate that emits electrons when
struck by neutral particles. The emitted electrons are then accelerated
into a channeltron for detection. The glass plate allows laser light with
wavelength above ∼350 nm to pass through without damaging the coating. This allows the laser power to be measured behind the glass plate for
14
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a merged beam experiment. The position of the SED detector at the end
of the interaction region, s2 in Figure 2.2, enables the measurement of
fast reactions (∼0-20 µs) while the MCP detector measures reactions on a
longer time-scale (∼20-60 µs) when ions have time to do half a revolution
before action is observed. On even longer time-scales the storage ring
really comes into its own as it is possible to track the statistical decay of
an photo-excited molecule through many revolutions (∼60 µs-50 ms).

2.3.3 Laser System
The laser system is a diode pumped ND:YAG laser from EKSPLA (NL230NT232). It produces tunable laser light with a pulse width around 5 ns
and wavelengths from 210 to 2600 nm which corresponds to photons
with energies ranging from 5.9 to 0.5 eV. This is achieved by guiding the
output from the Nd:YAG laser rod (1064 nm) through a system of second
harmonic and then third harmonic generation to obtain 355 nm light.
This is fed into an Optical Parametric Oscillator (OPO) that is based on
two BBO non-linear crystals. The signal and idler output from this OPO
system can be tuned in a range from 405 to 2600 nm. By doing Second
Harmonic Generation (SHG) of the OPO signal output, wavelengths ranging from 210 nm to 295 nm are produced. The remaining area from
296 nm to 404 nm is obtained by Sum Frequency Generation (SFG) mixing OPO signal output with 1064 nm light; the fundamental from the laser
rod.
There is a slight difference in beam profile across the different wavelength
areas (SHG, SFG, OPO signal). In order to control and stabilize the laser
power, an automated attenuator is used.

2.3.4 Light Ion Overlap
Investigation of ion-photon interactions require an overlap between said
ions and photons. The spatial position of the ions is controlled by elec15
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Laser
Trigger

Variable delay

Trap extract
Injection

Time from ions
to laser shot
~150 μs

Fragment mass switch
MCP dump
Figure 2.3: The timing system for a typical measurement. The laser
triggers a chain of events including; emptying the multipole trap, closing
the injection in order to store the ions, switch voltages for fragment mass
spectra (see section 2.3.5) as well as dumping the stored ions on the MCP
detector.
trostatic elements in the ring, while the laser is guided using prisms. The
setup allows both merged and crossed beam configurations. The main
advantage of merged beam experiments is the larger laser/ion overlap.
While the crossed beam setup has less overlap, the narrow width of the
laser beam’s spatial profile introduces time-of-flight information which
makes the measurements almost void of any background. Furthermore,
as the coating on the glass plate for the SED only transmits wavelengths
above ∼350 nm, deep UV spectroscopy is usually easier to do with a
crossed beams setup.
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Not only do the ions and photons need to be in the same place in
space they also need a temporal overlap. Figure 2.3 shows a schematic of
the timing system used to temporally align the experiment. The entire
system is hardware based and all triggers are controlled independently
from each other. The laser runs on a 50 Hz clock with an integer frequency
divider and is used as the master clock for the experiment. This trigger
starts a chain of events starting with the extraction of ions from the 22pole ion trap. In order for the extracted ions to enter the ring, no voltage
is applied to the 10° entrance deflector (called Injection in Figure 2.3). As
soon as the ions are in the ring, voltage is applied to the electrode in order
to store the ions. The timing of the experiment is based on the speed of
the ions and changes with different ions or measurement types.

2.3.5 Fragment Mass Spectroscopy
The storage condition in the ring changes when the voltages on the electrostatic elements are changed. At ELISA, a mass spectrometry scheme
has been installed, where the entire ring is used as an electrostatic analyser[51]. This mass spectrometry scheme relies on the electrostatic
nature of the storage ring. Following absorption of a photon, a biomolecular ion can internally convert to a hot ground state and statistically fragment, described further in section 2.7. The kinetic energy release of such
a process is, presumably, negligible compared to the 22 keV from the
acceleration. With no loss of kinetic energy, the speed of the fragments
is identical to the parent ion. The relationship between electrostatic element voltages and storage conditions for parent and fragment ions can
m f r ag
be described as: V f r ag = Vpar ent · m par ent .
When a storage condition switch is made, fragment ions will be stored
in the ring, while the original parent ions will be lost. The fragment
is stored for a given number of revolutions before being dumped on
the MCP detector. A typical fragment mass MCP spectrum can be seen
in Figure 2.4. Each revolution some of the stored ions hit residual gas
17
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Figure 2.4: MCP detector count histogram. Each revolution ions collide
with residual gas and fragment. The switch to fragment mass happens at
5.6 ms and the fragment ion beam is dumped one and a half revolution
later.

in the ring and fragment. The neutral fragments are counted on the
detector. The laser is fired at the same time as all voltages are switched
at from parent to fragment storage condition (∼5630 µs). The fragment
ions are stored for one and a half revolution before being dumped on the
MCP detector. Notice the lack of signal on the one revolution where the
fragment ions are stored and the very large signal when the entire ion
beam is dumped on the MCP.
It is not trivial to switch all voltages in the ring. To achieve any res18
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ults, especially with larger jumps (large difference between fragment and
parent masses), all fraction voltages need to match the desired fragment
mass, which requires considerable optimisation.
Scanning V f r ag one can obtain a virtually background free spectrum
of the fragmentation channels of any molecular ion. The ring is constructed to have a high acceptance which translates into a poor mass
resolution of ∆m/m ∼ 1/100[51]. Even though the resolution is laughable
compared to commercial mass spectrometers, the ring does have some
redeeming qualities with respect to fragment mass spectroscopy: Time
resolution. As the ions circulate the ring after interaction with the laser
light, it is possible to vary the timing of the fragment mass switch, effectively resolving the time structure of the possible fragmentation channels
on a micro- or millisecond time-scale.

2.4 SAPHIRA
The Storage ring in Aarhus for PHoton Ion Reaction Analysis was built in
2012. Similar to the ELISA storage ring it relies on electrostatic elements
to control the ions. The ion source, bending magnet mass selection and
injection beamline are similar to the ELISA setup, see Figure 2.1. An
electrospray source transfers the desired sample into the gas phase where
they are bunched in a 16-pole trap. After extraction from the trap the
ion bunch is then mass selected in a 90° bending magnet before being
injected into the storage ring.

2.4.1 It’s Hip to be Square
Unlike the ELISA storage ring, the SAPHIRA ring is actually a square, see
schematic in Figure 2.5, each corner consisting of a 90° quadrupole deflector. To counteract defocussing of the beam in the deflectors, each
corner has a quadrupole triplet lens at both entrance and exit[39]. Prob19

2. E XPERIMENTAL S ETUP AND T ECHNIQUES
Channeltron detector
(DET 1)

Power meter

E-spray+
cold trap
Circulating
ion bunch

Injection
beam line
Magnet for
mass selection

SAPHIRA
storage ring

MCP detector
(DET 2)

Variable delay
fs O

Aperture

PA

Femto-second
laser system

80

m
0 n ser
a
fs l

Figure 2.5: A schematic drawing of the storage ring SAPHIRA. The ions
are generated through ESI and mass selected in a magnet. After mass selection the ions are injected into the storage ring where they are stored for
multiple ms. At a chosen time the fs laser system produces pulses that are
tuned through the TOPAS in order to do pump-probe experiments[44].

lematic wiring in one of the corners limits the storage energy of the ions
to 4 keV to avoid sparks.
A new addition is the inclusion of an interaction region electrode. The
entire interaction region is surrounded by an electrode connected to a
3 kV switch supply. During normal operation this is kept at ground (0 V).
Switching to a higher voltage will give ions leaving the region a push,
thereby increasing their kinetic energy. This supersedes the fragment
mass analysis setup utilised at ELISA. Instead of switching all ring voltages,
at SAPHIRA, only a single voltage is switched, simplifying the technical
requirements greatly.
The detector setup at SAPHIRA is very similar to that used at ELISA
with two different detectors at different places in the ring. A glass plate
SED detector (DET 1 on Figure 2.5) is located immediately after the in20
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Figure 2.6: A typical tuning curve showing different photon wavelength
generation regions for the TOPAS. Of special importance to later experiments is the drop in laser pulse power going from 480 nm (SFS) to 460 nm
(FHI) which will be discussed further in section 4.6.3. Image reprinted
from Light Conversion home page[52].
teraction region and is responsible for detecting fragmentation on short
time-scales. An MCP detector (DET 2) is situated at the entrance to the
ring.

2.4.2 Laser System
The main difference between the ELISA and the SAPHIRA setup is the light
source. Probing the dynamics of molecular systems require laser pulses
shorter than the time-scale of the dynamics in question. For molecular
dynamics femto-second lasers are required!
The installed laser system is a Coherent Libra UFS-HE femto-second
system. This Ti:Sapphire systems delivers 50 fs laser pulses at 0.4 mJ per
21
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pulse on a 1 kHz repetition rate[53]. The 800 nm output from the laser is
split 75%/25% and each part is fed into one of two TOPAS-C systems in
order to tune the wavelength. The TOPAS is a computer-controlled optical
parametric amplifier (OPA) that use white-light seeding to generate signal
and idler pulses that are subsequently mixed and/or doubled to tune the
femto-second pulse from 240 nm to 10 µm. Figure 2.6 shows the pulse
energy as a function of wavelenght (tuning curve)[52]. The many different
regions refer to different ways of generating the light; second harmonic
of idler (SHI), second harmonic of signal (SHS), sum frequency of idler
(SFI), etc. While the absolute pulse energy of the tuning curve in Figure
2.6 might not match our setup, the generation areas do. Most imporant to
note is the shift from 480 nm (purple curve) to 460 nm (dark blue curve)
going from sum frequency of signal (SFS) to fourth harmonic of the idler
(FHI) decreases the laser pulse energy by a factor of ∼100. The outputs
from the two TOPAS serve as the pump and probe in molecular dynamics
measurements, described in the next section.

2.4.3 Pump-Probe Measurements
At SAPHIRA femto-second laser enables pump-probe schemes that seek
to directly measure ultra-fast molecular dynamics. A typical measurement requires clever tuning of the pump and probe pulses to match
(or in some cases not match) specific electronic transitions in the molecule. In the case of a green fluorescent protein model chromophore
HBDI− , the excited state lifetime can be measured by using a 480 nm
+ 800 nm scheme as illustrated in Figure 2.7[44]. The pump brings the
chromophore into the first excited state, S1 . From here it will internally
convert back into a hot ground state by isomerisation (rotation of the
imidazolinone ring, θ). If the probe is fired while the chromophore is still
in S1 it can be further excited into the electronic continuum neutralising
the ion. Only once the ion has been neutralised will it leave the ring and
hit either detector. If enough time has passed, that the chromophore has
22
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Figure 2.7: Schematic illustration of a pump-probe schemes. The excited
state lifetime of HBDI− is probed using a 480 nm + 800 nm scheme (illustrated as a blue and a yellow photon). The pump takes the chromophore
into the first excited state, S1 . The pump detaches an electron (D 0 ←S1 ).
By varying the delay between the pump and the probe a direct measurement of the excited state lifetime is obtained, because the 800 nm probe
is only able to detach an electron as long as the chromophore is in the
excited state. Figure modified from [44].

returned to the hot ground state, an additional 800 nm probe photon will
not cause more measurable neutrals. By varying the delay between pump
and probe, the excited state lifetime is measured directly.
The pump and probe pulses are generated simultaneously in on of
two TOPAS. To control the delay between pump and probe pulses, the
probe is directed onto a delay stage. The two photons are usually spatially
overlapped on a dichroic mirror. After the pump and probe beams are
spatially overlapped, the zero-delay between the two is found by using a
23
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BBO crystal and a grating as a cross-correlator. After the temporal zerodelay is found, the pump and probe are synchronised with the rest of the
setup. Pump-probe measurements are usually run with four cycles:
• Pump+Probe
• Pump
• Probe
• None , meaning no laser
Optical chopper wheels are used to manage the cycles. The laser is
typically run at 100 Hz and two optical choppers running at 25 Hz π/4
out of phase creates such a cycle scheme.
The final pump-probe signal is calculated as ’Pump+Probe’ - ’Pump’
- ’Probe’. The studies presented in this thesis excellently shows how our
two labs compliment each other nicely to highlight different aspects of
the same topic.

2.5 Experimental Measurements
Normally solution phase spectroscopy relies on Lambert Beer’s law,
I = I 0 · e ε·t

(2.3)

where intensity is lost throughout a material of thickness t. By measuring
power before and after a given sample one can deduce the extinction
coefficient, ε. This is not possible in our gas phase experiments as there
is no noticeable drop in intensity before and after interaction since the
density of ions in the ring is too low. Instead we rely on another method
for detecting absorption, namely action.
24
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When ions circulate inside the ring some of them will collide with
residual gas. This will result in fragmentation that generates neutral
particles that are detected on the MCP or SED, see Figure 2.8. The first
peak is much higher than the following peaks as this accounts for ions
that have been collisionally heated as they exit the ion trap. Ions that have
a bad injection trajectory also contribute to this peak. After some millisecond storage time (∼5.8 ms), the laser is fired and the ions interact with
the light. If the ions absorb a photon they can fragment which generates
additional neutral particles on top of the background fragments as seen
in Figure 2.8 bottom pane.

2.5.1 Action Spectroscopy
Basically, ions that absorb a photon will transition into an electronically
excited state. As the molecule returns to a hot ground state the energy will
be distributed throughout the molecule. As the hot molecules have no
way to get rid of the excess energy, the vibrations of the ion will cause it
to fragment and the number of fragments is proportional to the number
of ions that absorb a photon. This fragmentation is used as action to
detect if photons were absorbed or not. The number of neutral fragments,
N f r ag ment is proportional to the total number of ions, Ni ons , the photon
flux (which is simplified to number of photons in the pulse, N phot ons )
and the absorption cross section σ.
N f r ag ment ∝ Ni ons · N phot ons · σ(λ)
N f r ag ment
σ(λ) ∝
Ni ons · N phot ons

(2.4)
(2.5)

By measuring the laser power it is possible to calculate the number of photons as the photon energy and wavelength is related through
E phot on = hc/λ. By dividing the total energy with the energy per photon
25
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Figure 2.8: Normalised neutral fragment counts on the MCP. Every revolution, ions collide with residual gas and fragment. When the ions are
irradiated by the laser (∼5.8 ms), an additional photo-induced signal can
be seen. The spectrum is divided into two areas (S and B) for the data
analysis.
one gets the number of photons which can be substituted into eq. (2.5)
σ(λ) ∝

N f r ag ment s
Ni ons · E pul se (λ) · λ

(2.6)

In order to obtain a measure for the number of ions in the bunch and the
number of photo-induced neutral fragments two windows are created
in the data, as seen in Figure 2.8. The signal window called S and the
background window called B. The subscript 0 refers to a measurement
26
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where no laser interaction has taking place. The number of laser generated neutral fragments are the additional counts in the signal window, S.
In other words; we need to subtract the background counts from the total
number of counts in the signal window, S. The background counts in the
signal window are proportional to the counts in the background window,
B, assuming storage lifetime does not change during experiments. Using
this it is possible to scale the background counts in the signal window
using the no laser spectrum.

N f r ag ment s ∝ S − S 0 ·

B
B0

(2.7)

The number of ions in the bunch is proportional to the counts in the
background window B, and so eq. (2.6) becomes

σ(λ) ∝

S(λ) − S 0 BB0
B · E pul se (λ) · λ

(2.8)

The action absorption cross section has a strong dependence on the
wavelength of the exciting light, and it is this dependence the action
absorption measurements seek to uncover.

2.6 Photon Dependency and Saturation
The action absorption cross section derived, equation (2.8), is valid for a
fragmentation process following absorption of a single photon. If multiple photons are required to induce action the description of the number
of fragments is
N f r ag ment ∝ Ni ons [σ(λ) · N phot ons ]n

(2.9)
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Figure 2.9: A typical power dependence of a sample. The dashed lines represent 1,2 and 3 photon processes respectively. The photon dependence
measurement follows the 1-photon curve with saturation. The saturation
is fitted using a box-lucas type fit to be Esat = 0.53 mJ.

N f r ag ment (n) follows a power law of n’th order. Figure 2.9 shows a
typical power dependence measurement plotted against 1,2 and 3 photon
dependencies (dotted lines). Neutral yield is measured while varying the
laser pulse energy and the power of the dependence shows the order of
photons required to yield action.
This description holds true for simultaneous photon absorption. In
large biomolecules the case is often that photons are absorbed sequentially. To correctly describe this, poissonian statistics are utilised to
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analyse the photon dependency[54]. The probability, P , that exactly
n photons are absorb in a given laser pulse can be expressed as

P (n) =

γn
exp (−γ)
n!

(2.10)

where γ is the poissonian distribution parameter, the average number
of absorption events per pulse. The average number of absorptions per
pulse is proportional to the absorption cross section times the photon
flux, which can be simplified to σ(λ)λE pul se (λ). With the assumption
that the cross section remains constant through subsequent absorptions
the analysis of photon dependency is ready. This assumption rarely holds
true, as the absorption cross section is not only a function of wavelength
but also temperature. As will be explained in 2.7, the absorption of a
photon will change the temperature of the molecule, but the change in
cross section is small and thus the analysis of photon dependency still
works.
As Figure 2.9 shows, a specific power dependence measurement
(black points) can follow an expected photon dependency (dotted lines)
until a certain point. After this point different saturation effects set in. I
will discuss two effects; Saturation and Depletion, in a simple one-photon
regime. These are essentially different but result in similar measurable
effects: The neutral fragment yield goes to a finite asymptotic value even
when laser power → ∞
Saturation is an electronic effect in the detection systems. Either the
detector itself does not have a high enough count rate or the electronics
have a dead time that is too large. Both problems result in a discrepancy
between created and recorded neutral fragments. Before each measurement, the rate of neutrals is checked and, if necessary, reduced by
lowering ion current or the laser power.
Depletion is a physical effect where a limiting factor reduces the overall signal yield. As explained in section 2.5.1, normal solution phase
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spectroscopy relies on the depletion of the photons which is not an issue
in the gas phase. During a measurement, the laser and ions have a certain overlap, wherein there is a finite number of ions. As the ions absorb
photons and fragment the chance for more photon absorption events
diminishes greatly.
In a one photon case, the saturation effects are accounted for by using
a box-lucas type fit y = a(1−exp [−x/b]) which is a linear function for x¿b
and y→a for x→ ∞. This function models the saturation effects when y =
neutral fragment signal, x = laser pulse energy and b = saturation energy,
Esat (red curve in Figure 2.9. This saturation energy can be used to correct
the calculated action absorption cross section (eq. 2.8) by replacing the
laser pulse energy with the corrected laser pulse energy:
µ
E cor = E sat

·
¸¶
E
1 − exp −
E sat

(2.11)

Typical experimental laser powers are below 0.5 Esat to stay in the
none-saturated linear regime and minimized the introduced errors.

2.7 Statistical Decay
The following section will introduce relevant aspects of the physics behind the decay of a molecule following the absorption of a photon. The
section is based on the description by Bochenkova and Andersen, using
HBDI− as an example[56].
As described in section 2.1, ions are bunched in a multipole trap with
helium buffer gas, where they are thermalised to 300 K. For HBDI− the
cannonical distribution of internal energy is approximately gaussian,
peaking at 0.3 eV[56]. As the ions leave the trap they are no longer in
contact with any heat bath and each molecule keeps its internal energy,
thus conserving the energy distribution. Absorption of n photons with
30

2.7. Statistical Decay

Figure 2.10: The Arrhenius rate constant relation between statistical decay lifetime and emission temperature for HBDI− (eq. 2.12), with A and
Ea determined by Bochenkova and Andersen[55, 56]. After absorption
of one photon, the increased temperature results in fragmentation on
a ∼10 s time-scale. This time-scale is so long that action in the form of
fragmentation is quenched by radiative cooling. Absorption of a second
photon will, however, increase the internal energy to such a degree that
fragmention happens on a significantly shorter time-scale, thus opening
the fragmentation action channel. The inset shows the energy distribution at room temperature, and after one and two-photon absorption.
Figure reprint from reference [56].
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Figure 2.11: Calorimetric calculations for HBDI− . The relationship
between energy and molecular temperature[55].
energy hν merely shifts the energy profile, F(E), by ∆E = nhν, as seen
in Figure 2.10 inset. This increase in energy results in an increase in
the micro-canonical temperature (Tm ), which is calculated based on the
vibrational frequencies of the system. The calculated relation between
temperature and energy can be seen in Figure 2.11[55]. In the example of
HBDI− ; Addition of n·2.58 eV, corresponding to the energy of n· 480 nm
photons, increase the total energy to 2.9 eV (n = 1) or 5.5 eV (n = 2). After
accounting for the loss of energy during dissociation (the finite heat bath
correction[57]) the emission temperature, Te , of the HBDI− following n
photon absorption becomes Te = 776 K (n = 1) or Te = 1298 K (n = 2).

2.7.1 Arrhenius Rate Constant
Relating the emission temperature to the statistical dissociation timescale can be done by using the Arrhenius rate constant.
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k = A · exp

−E a
k B Te

(2.12)

The front factor, A, and activation energy, Ea of the HBDI− chrompophore has been investigated[55, 56]. A relation between statistical decay
times and emission temperature with A = 1 × 1012 s−1 and Ea = 2.1 eV can
be seen in Figure 2.10. An emission temperature of Te = 776 K (n = 1) or Te
= 1298 K (n = 2) causes the HBDI− to statistically fragment on time-scales
of 44 s (n = 1) or 15 × 10−5 s (n = 2).
The statistical dissociation lifetimes of HBDI− following absorption
of either one or two photons differ by five orders of magnitude. Radiative
cooling has a time-scale of ∼ 10−2 −1 s and as such it out-competes the
long dissociation time of the one-photon absorption. Therefore, onephoton absorption does not lead to delayed statistical fragmentation of
the HBDI− chromophore in vacuum. The short lifetime of a two photon
absorption yields plenty of measurable dissociation action. This has been
experimentally verified both by power dependence measurements[55]
and femto-second laser experiments of HBDI− [44, 58].
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CHAPTER

3

P ROTONATED S CHIFF B ASE
R ETINAL
In this chapter data from my studies on protonated Schiff base retinal
(PSBR) is presented. The data is presented in two parts using published
papers (on is in review) and data extracted from published papers. One
part will focus on the intrinsic optical properties of the retinal chromophore and the effects of single perturbations. The second part will address
the dynamics of the system using femto-second pump-probe techniques.

3.1 Seeing the Light
The retinal chromophore, seen in Figure 3.1 in its protonated Schiff
base form (11-cis and all-trans), is very versitile. It is found in bacteriorhodopsins in its all-trans form, where it converts light into chemical
35
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11
NH

6

11-cis

+

6

11

+

NH

all-trans

Figure 3.1: 11-cis and all-trans retinal with the protonated Schiff base.
energy[59, 60]. Once photo-excited it undergoes isomerisation with high
specificity (64%) to 13-cis on a 500 fs time-scale, starting a process which
eventually transfers a proton across the cell membrane[31–33].
The PSBR chromophore in its 11-cis form is responsible for mammalian sight as it is found in the rhodopsins responsible for vision [61,
62]. After excitation to the first electronically excited state it undergoes
a fast, almost barrierless, isomarisation process from 11-cis to all-trans
within 200 fs, starting the vision process[63–67]. Solution-phase measurements of the dynamics of both isomers determine time-scales of several
pico-seconds[32, 68, 69]. Furthermore, the specificity of the all-trans
isomerisation process is also lost in solution, where both 11-cis and 13-cis
(10-30%) are observed[32, 68, 70, 71].

3.2 The Spectral Properties of Protonated
Schiff Base Retinal
Interestingly, the same photo-active PSBR chromophore is found in three
different proteins in the human eye. Although the chromophore is the
same, the proteins absorb different colored light (one centered in the
blue, one in the red and one in the green)[72]. What types of micromilieu interactions impact the spectral properties of the chromophore? To
answer this question we must first understand what the intrinsic optical
properties of the PSBR are. The spectroscopic properties of the isolated
36

3.2. The Spectral Properties of Protonated Schiff Base Retinal
chromophore have been studied extensively[73–77], but studies were
usually limited to the visible range. What about the UV range (known
to be the origin of UV vision in some birds[78]). The first UV-visible gas
phase action absorption spectra of all-trans and 11-cis are presented
in the following paper. ”The UV-visible action-absorption spectrum of
all-trans and 11-cis protonated Schiff base retinal in the gas phase” (I).
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In particular, transitions to highly-excited electronic states, Sn, in the all-trans and 11-cis forms are
considered, and several new states are discovered. Their positions and strengths are compared to state
of the art quantum calculations. The location of these states are particularly important when new fs
pump–probe experiments are designed to investigate the fast excited-state dynamics of retinal
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chromophores.

Introduction
The protonated Schiﬀ-base retinal chromophore is found in
many biological systems where variations in the hosting protein structure lead to diﬀerences in the properties of the
chromophore. In the all-trans form (Fig. 1), protonated
Schiﬀ-base retinal acts as the photoactive molecular part of
the trans-membrane protein, bacteriorhodopsin.1 This protein
acts as a light-driven proton pump in Halobacterium halobium,2
where photoisomerization of the retinal chromophore starts a
reaction where, eventually, a proton crosses the membrane.
The chromophore of the opsin and rhodopsin proteins found
in the cone and rod cells of the human retina is the 11-cis form
of the protonated Schiﬀ-base retinal (Fig. 1). Here the chromophore is essential in transducing visual signals into optic nerve
pulses through a second messenger cascade.3,4
Upon photoexitation to the first singlet excited state, S1, the
retinal chromophore undergoes a photocycle5 with initial
fast isomerization via internal conversion through a conical
intersection.6 The surrounding protein potentially has two significant eﬀects on the chromophores photophysics. First, it may
influence the electronic energy levels in the chromophore
(i.e. color tuning).7 This is particularly relevant in vision, where
all photoreceptors rely on the same 11-cis retinal chromophore.8
Second, the cavity-like protein structure ensures that trans–cis
a
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Fig. 1 11-cis (top) and all-trans (bottom) retinal with the protonated Schiﬀ
base (mass: 340 amu). We here use the terms 11-cis and all-trans for both
6s-cis and 6s-trans rotomer states of the b ionone ring.

isomerization happens on the sub ps time scale in bacteriorhodopsin,9 faster than the characteristic time of several ps in
solutions.10 For both issues, reference measurements in vacuum
devoid of any external perturbation are needed.11,12
In order to address the internal isomerization time scale by
fast fs laser pulses, excitation (pump) to S1 may be followed by
subsequent (probe) excitations, which may bring the molecule
into highly excited states in the UV. When designing new
pump–probe schemes13 for gas-phase ions, the location of
higher excited states is essential. Moreover, the UV spectroscopy may also be used to test the ability of modern large-scale
quantum computations to treat highly excited states.
In the present study the UV absorption spectra of two
diﬀerent protonated Schiﬀ-base retinal chromophores (all-trans
and 11-cis) isolated in vacuo are presented. Our action-spectroscopy
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technique, based on time-resolved photo-fragment detection,
reveals for both isomers several highly excited states in the UV
region, down to 210 nm.

Published on 20 February 2018. Downloaded by Aarhus University Library on 11/06/2018 15:19:11.

Experiment
The absorption studies were performed at the ELISA ionstorage ring,14–16 shown schematically in Fig. 2. The ions were
brought into the gas phase by electrospray ionization17 with a
source optimized for the ELISA setup.15 Methanol-dissolved
chromophores were kept dark and cooled to 275 K while being
electrosprayed with a flow rate of 150 mL hour1 through a steel
needle biased by about 3 kV relative to the vacuum chamber.
The solvent molecules evaporated off in a heated capillary, kept
at 80 1C. For accumulation, the ions were trapped in a 22-pole
ion trap, where helium was used as a buffer gas to provide
trapping. The gas-phase ions were extracted from the trap as
a bunch by appropriately switching the trapping voltages for
40 ms. The ions were finally accelerated to 22 keV, mass selected by
a magnet, and stored in ELISA for several ms (B70 ms revolution
time) at a pressure of about 1010 mbar. Laser light in the region
210 nm to 700 nm was provided by a tunable, diode pumped laser
system (EKSPLA NT232-50-SH-SFG). The laser was operated at
25 Hz with a pulse duration of about 4 ns. The laser was fired
6 ms after the injection, such that each ion bunch in ELISA was
exposed to a single laser pulse only.
In the present work, a microchannel-plate detector (MCP)
mounted opposite the laser-interaction region was used to
detect delayed action/fragmentation (see Fig. 3).
Action spectroscopy
Absorption of a photon by the chromophore is registered by the
detection of neutral photofragments leaving the ion-storage
ring, and the action-absorption cross section at a particular
wavelength is proportional to the number of neutrals formed
after photoabsorption at that wavelength. The underlying
physics is as follows: initially, the chromophore is photo-excited
from the electronic ground state, S0, to some excited state, Sn,
n = 1, 2,. . . After excitation, fast internal conversion brings the

Fig. 2 The ELISA ion-storage ring with the electrospray-ion source
shown separately.

This journal is © the Owner Societies 2018

Fig. 3 Number of neutral particles hitting the MCP detector from 11-cis
retinal as a function of time after injection into ELISA. Data from 6000
injections were accumulated for each set of data. The bin width is 1 ms.
Displayed are time windows (B, B0) prior to the laser-firing time, which are
used for normalization, as well as time windows (A, A0) covering a time
span where laser-induced fragmentation (action) appears. Four panels are
show: without applying the laser (yielding A0 and B0), and with laser pulses
at 250 nm, 350 nm, and 550 nm.

chromophore back into the ground state with an excess energy
corresponding to the photon energy (here 2–6 eV) which upon
coupling to the nuclear degrees of freedom results in a hot
molecule in the electronic ground state. Neglecting slow radiative
cooling, the excess energy cannot leave the molecules because
they are isolated in vacuo which eventually leads to statistical
dissociation on a time scale which is energy, and hence wavelength, dependent.18
The situation is exemplified in Fig. 3 where time-resolved
counts of neutral fragments, detected by the MCP, are displayed at
selected excitation wavelengths. Evidently, the decay rate increases
with increasing photon energy (shorter wavelength) as expected.
The yield is linear with laser-pulse energy, and hence only absorption of a single photon is involved in the dissociation.
To obtain the absorption cross section, the photo-induced
yield of neutral fragments were integrated over time. Two time
windows were used to separate the number of neutrals, formed
through laser absorption (signal counts) from the number of
neutrals originating from collisions with residual gas in ELISA.
A normalization window (B), was set from 1 to 5 ms after
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injection (before the laser was fired) and an action-signal
window, (A), extended to several ms after the laser was fired
(see Fig. 3). The single photon absorption cross section was
obtained as:


NB ðlÞ
NA ðlÞ  NA0
NB0

 ;
sðlÞ /
(1)
Epulse ðlÞ
NB ðlÞ
1=l
where l is the wavelength, NA(l) the number of counts in the
signal window, when the laser is on, and NA0 the number of
counts in the signal window, when the laser is oﬀ. NB0 is the
number of counts in the normalization-time window when
the laser is oﬀ, and NB(l) the corresponding number of counts
when the laser is on. Epulse is the laser-pulse energy recorded at
Epulse ðlÞ
ensures
each wavelength. The division by NB(l) and by
1=l
normalization to the number of stored ions and to the number
of photons, respectively.

Results and discussion
The action-absorption spectra of all-trans and 11-cis retinal are
shown in Fig. 4. The absorption spectrum of the all-trans (top
panel) shows a broad, rather flat absorption band for the
S1 ’ S0 transition from 500 nm to 650 nm with a maximum
at around 600 nm. This correlates well with the calculated
absorption wavelengths which are drawn as vertical lines with
height corresponding to oscillator strength. The red vertical
bars represent calculations of the 6s-trans while the green
vertical bars represents calculations of 6s-cis (see Table 1).
The width of the S1 ’ S0 absorption band may be related to
the low activation energy for rotation of the b-ionone ring of the
chromophore (6s-trans - 6s-cis)11 and to the presence of
diﬀerent isomers of the retinal chromophore in the sample.12
Moreover, the high density of vibrational levels of Franck–Condon
active modes also contribute to a significant width of the absorption
profile.19 The S2 ’ S0 absorption band also seems to be rather broad
with a maximum at 415  10 nm. The presented measurement of
the visible region agrees well with earlier measurements.11,16,20,21
The discrepancy of the apparent strength of the S2 ’ S0 transition,
compared with the PISA spectrum of Coughlan et al.,12 could be
caused by relaxation of the excited state back into the ground
state without isomerizing. This would render it undetectable to
Coughlan et al.
As evident from the top panel of Fig. 4, the all-trans chromophore has an absorption band from 275 nm to 360 nm with a
maximum around 300 nm. This corresponds well with calculated excitation wavelengths of the S4 ’ S0 transition: 314 nm,
possibly with the S5 ’ S0 transition (285 nm) as a small
shoulder, as seen in Table 1. However, the calculated oscillator
strengths of these transitions are very low and we anticipate
that other types of transitions involving sigma orbitals contribute to the high-energy part of the photoabsorption spectrum
at around 300 nm and above. Finally, a strong band is located
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Fig. 4 Absorption-cross section of all-trans (top) and 11-cis (bottom)
retinal with a protonated Schiﬀ base in the gas phase. The black line is a
smoothing average to guide the eye, and the error bars are due to
counting statistics found through propagation of errors. The vertical bars
represent the position of calculated p–p* vertical transitions (S0 - Sn) with
the height of the bars indicating the oscillator strength of the specific
transition. The red bars correspond to 6s-trans and the green bars
correspond to 6s-cis (see Tables 1 and 2). The S0 - S1 transition strengths
have been divided by a factor of 5. The spectrum of all-trans retinal exhibits
resolved structures in the UV region from highly-excited states, whereas
the 11-cis retinal has a broader absorption band, spanning essentially the
entire UV region. Structural features that are not accounted for by the
present calculation may contain transitions involving sigma orbitals, which
were not included.

between 225 nm to 265 nm (maximum at B250 nm), which we
ascribe to even higher states S6–S10, in particular S7 for 6s-cis.
Table 1 summarizes the theoretical vertical excitation energies
and the corresponding oscillator strengths.
The 11-cis protonated Schiﬀ base retinal, Fig. 4 bottom
panel, exhibits the same basic form in the visible region; a
rather broad absorption band for the S1 ’ S0 transition from
500 nm to 650 nm with a maximum at around 600 nm which
also agrees with earlier measurements.12 However, the many
diﬀerent excited states in the UV region give rise to a single
broad band from 220 nm to 450 nm with slight structure in it.
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Table 1 Calculated vertical excitation energies and corresponding oscillator
strengths for all-trans retinal, done at the XMCQDPT2[15]/SA(5)-CASSCF(12,12)/
cc-pVDZ level of theory at the PBE0/cc-pVDZ equilibrium geometry. The
higher-lying states (S5–S14) were obtained as CI eigenstates based on the
molecular orbitals optimized for the first 5 states (S0–S4). The lower-energy
states were obtained through the SA(5)-CASSCF(12,12) state-averaging
procedure using all valence p-type orbitals in the active space. The model
space of the XMCQDPT2 effective Hamiltonian is spanned by these
15 zeroth order states.22,23 Relative energies of the rotomers and twist
angles of the b-ionone ring are shown in Table S1 (ESI), as compared to
those obtained at higher levels of theory.24 The characters of calculated
excited states are displayed in Table S2 (ESI). We note that the high-energy
part of the spectrum may also contain other transitions involving sigma
orbitals omitted from the present calculations. The strongest transitions are
highlighted in the table

6s-trans
11-trans
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0

-

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14

Table 2

6s-cis

E (eV)

l (nm)

fosc.

E (eV)

l (nm)

fosc.

2.0
2.8
3.6
4.0
4.4
4.6
4.8
5.0
5.1
5.3
5.5
5.9
6.1
6.4

628
442
342
314
285
270
260
246
241
232
224
210
204
195

1.8
9.5
5.9
1.3
4.8
1.1
5.6
2.5
1.4
1.3
1.6
1.2
1.7
5.3

2.1
3.0
3.5
4.1
4.4
4.7
4.8
5.1
5.3
5.4
5.5
6.1
6.2
6.4

598
411
353
303
281
266
259
245
233
231
224
204
201
193

1.6
1.5
3.1
2.9
3.6
6.3
8.9
1.5
3.3
7.8
1.5
7.6
1.3
4.7















102
103
102
102
101
103
102
102
103
102
102
103
104

S0
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0
S0

-

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14

101
102
102
102
103
102
102
103
103
103
103
103
104
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Same as in Table 1 for 11-cis retinal

6s-trans
11-cis
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6s-cis

E (eV)

l (nm)

fosc.

1.9
2.9
3.6
3.9
4.3
4.6
4.7
4.9
5.1
5.4
5.5
6.0
6.1
6.4

638
436
349
315
288
272
263
253
243
232
226
208
205
193

1.7
8.5
9.2
6.9
5.8
1.4
1.9
4.0
3.4
2.4
9.0
7.3
7.6
4.0















102
102
103
102
101
102
102
103
103
103
103
103
103

E (eV)

l (nm)

fosc.

2.1
3.0
3.5
4.1
4.4
4.6
4.7
5.0
5.3
5.3
5.5
6.0
6.1
6.4

605
415
355
305
283
269
264
248
235
232
226
206
203
193

1.5
1.4
1.4
3.5
7.1
2.8
1.1
3.5
4.1
2.0
1.7
5.1
1.4
6.6















101
101
102
102
103
101
102
103
103
103
103
103
103

The most prominent transitions being the S3 ’ S0 at 349 nm
and the S6 ’ S0 at 272 nm (6s-trans). It is noted that the
all-trans and 11-cis forms have slightly diﬀerent excitation
energies and variations in the corresponding oscillator
strength. The most notable diﬀerence is the high oscillator
strength of the S3 ’ S0 in 11-cis retinal (compared to the
all-trans retinal) which gives rise to absorption in the 320–380 nm
region, seen only in the 11-cis case (see also Table S2, ESI†). We
note specifically that certain transitions like S2 ’ S0, S3 ’ S1, and
(S8,S9) ’ S1 are near resonant with the 800 nm and 400 nm
Ti-sapphire laser harmonics, and may therefore conveniently be

This journal is © the Owner Societies 2018

excited in pump–probe experiments aiming at excited state lifetime determinations of retinal chromophores in the gas phase.
The oscillator strengths of these transitions are presented in
Tables S3 and S4 (ESI†).
In conclusion, the UV and visible absorption spectra of the
all-trans and 11-cis, protonated Schiﬀ-base retinal chromophores were measured in the gas phase. For the first time,
the UV region is considered. It represents a significant step
towards new understanding of the intrinsic properties of this
important class of chromophores. Although rather similar in the
visible region, the UV region reveals noticeable diﬀerences
between all-trans and 11-cis isomers. While all-trans retinal shows
several distinct absorption maxima, presumable corresponding to
Sn ’ S0 transitions, the 11-cis retinal has less structure in its broad
absorption band, spanning the entire UV region.
The experimental data were compared with theoretical
calculations of the diﬀerent pp* transitions for both 6s-trans
and 6s-cis rotomers, and indeed many electronic transitions
were theoretically predicted to lie in the region 200 to 400 nm.
We note in particular a large diﬀerence in oscillator strength of
the S3 ’ S0 transition for the two isomers which may cause less
absorption near 350 nm for the all-trans isomer. Of importance
to fs pump–probe experiments, we note specifically that there
are resonant transitions out of S0 and S1 at 800 and 400 nm,
corresponding to the fundamental and the doubled Ti-sapphire
laser energy.
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TABLE S1. Relative energies ∆E and twist angles β of the 6s-trans and 6s-cis rotomers at
the equilibrium geometries of the all-trans protonated Schiff base retinal (PSBR) chromophore
calculated at different levels of theory. We note that the relative energies of the rotomers are very
sensitive to the computational method. The values of the twist angles vary in a smaller range, with
the largest deviation being ∼ 10◦ . In the present work, the PBE0/cc-pVDZ equilibrium geometries
of the 6s-trans and 6s-cis(−) rotomers are used for calculating vertical excitation energies of alltrans as well as 11-cis PSBR.
all-trans

6s-trans

6s-cis(−)

6s-cis(+)

∆E (meV)

β

∆E (meV)

β

∆E (meV)

β

PBE0/cc-pVDZ

0

172◦

+39

−38◦

+22

+32◦

MP2/cc-pVTZ

0

171◦

+19

−42◦

+0.5

+38◦

MRMP2/cc-pVTZ//MP2/cc-pVTZ

0

171◦

−24

−51◦

−49

+48◦
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TABLE S2.

Leading electronic configurations of the first five XMCQDPT2[15]/SA(5)-

CASSCF(12,12)/cc-pVDZ electronic wavefunctions and their weights for the 6s-trans and 6s-cis
rotomers of the 11-trans (all-trans) and 11-cis PSBR chromophores. We note that leading electronic
configurations are similar for the two isomers; however, the contributions from other configurations
with smaller weights may vary significantly. In particular, there is a pronounced admixture of about
1% of the 2nd electronic configuration, which correlates with the HOMO→LUMO transition, to the
S3 excited state in the case of the 11-cis PSBR isomer, which explains a higher oscillator strength
for the S0 →S3 excitation compared to that of the 11-trans isomer. This gives rise to the increased
absorption for 11-cis PSBR in the 380–320 nm region.
11-trans

11-cis

6s-cis

6s-trans

6s-cis

6s-trans

S0

1

222222000000

0.73

0.71

0.73

0.72

S1

2

222221100000

0.61

0.59

0.60

0.60

S2

29

222212100000

0.35

0.21

0.35

0.27

8

222220200000

0.24

0.29

0.23

0.27

3

222221010000

0.07

0.12

0.08

0.12

29

222212100000

0.28

0.34

0.29

0.34

8

222220200000

0.09

0.03

0.09

0.04

3

222221010000

0.16

0.15

0.18

0.17

35

222211200000

0.08

0.08

0.07

0.07

337

222122100000

0.33

0.25

0.33

0.30

3

222221010000

0.09

0.06

0.09

0.06

9

222220110000

0.05

0.10

0.06

0.09

35

222211200000

0.07

0.08

0.08

0.10

S3

S4

S3
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TABLE S3. Calculated vertical excitation energies, transition wavelength, and oscillator strengths
for all-trans retinal, done at the XMCQDPT2[15]/SA(5)-CASSCF(12,12)/cc-pVDZ level of theory
at the PBE0/cc-pVDZ equilibrium geometry. Considered are here transitions from the first singlet
excited state S1 . For computational details see Table 1 in the main text.
11-trans

6s-trans

6s-cis

E (eV) λ (nm) fosc.

E (eV) λ (nm) fosc.

S1 →S2

0.83

1489.6 7.22e-3

0.94

1318.5 1.86e-2

S1 →S3

1.65

751.0

3.94e-1

1.44

860.5

4.15e-1

S1 →S4

1.98

627.8

9.61e-2

2.01

615.6

7.71e-2

S1 →S5

2.37

522.2

9.41e-1

2.33

531.1

5.38e-1

S1 →S6

2.63

472.3

1.62

2.59

479.4

1.03e-1

S1 →S7

2.80

442.2

3.07e-2

2.71

458.2

1.55

S1 →S8

3.06

405.1

1.65e-3

2.98

416.0

3.33e-2

S1 →S9

3.17

391.6

1.25e-3

3.24

382.6

1.28e-3

S1 →S10 3.63

368.6

2.72e-3

3.30

376.0

8.70e-4

S1 →S11 3.56

348.4

3.04e-5

3.46

358.0

1.52e-2

S1 →S12 3.94

314.4

2.45e-3

3.99

310.6

3.14e-3

S1 →S13 4.11

301.5

4.70e-3

4.10

302.6

1.99e-3

S1 →S14 4.39

282.3

5.78e-4

4.34

285.7

2.51e-3

S4
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TABLE S4. Calculated vertical excitation energies, transition wavelength, and oscillator strengths
for 11-cis retinal, done at the XMCQDPT2[15]/SA(5)-CASSCF(12,12)/cc-pVDZ level of theory at
the PBE0/cc-pVDZ equilibrium geometry. Considered are here transitions from the first singlet
excited state S1 . For computational details see Table 1 in the main text.
11-cis

6s-trans

6s-cis

E (eV) λ (nm) fosc.

E (eV) λ (nm) fosc.

S1 →S2 0.90

1371.8 2.82e-3

0.94

1318.0 1.96e-2

S1 →S3 1.61

768.6

4.50e-1

1.44

856.2

3.92e-1

S1 →S4 1.99

621.7

4.67e-2

2.01

614.9

5.11e-2

S1 →S5 2.37

523.2

4.63e-1

2.33

532.0

3.87e-1

S1 →S6 2.62

472.9

1.88

2.59

483.1

4.11e-2

S1 →S7 2.78

446.0

2.69e-2

2.71

469.0

1.44

S1 →S8 2.96

418.6

9.91e-3

2.98

419.1

8.48e-2

S1 →S9 3.17

391.7

7.59e-3

3.24

383.2

4.62e-3

S1 →S10 3.40

363.8

7.43e-3

3.30

376.4

1.01e-2

S1 →S11 3.54

350.7

1.23e-3

3.46

359.7

8.62e-3

S1 →S12 4.01

309.1

7.57e-4

3.99

311.2

2.70e-3

S1 →S13 4.12

301.0

3.57e-3

4.10

305.0

1.60e-3

S1 →S14 4.49

275.9

3.20e-5

4.34

283.6

7.77e-4

S5

3.3. Tuning the Spectral Properties of PSBR

Figure 3.2: Absorption spectra of different PSBR derivatives. Absorption
shifts inversly proportional to length of molecule. Green curve measured
by Coughlan et al.[79]. Figure adapted from reference [80].

3.3 Tuning the Spectral Properties of PSBR
The main feature in the absorption spectrum of PSBR related to vision
is the S1 ← S 0 transition, which features a broad absorption peak with
maximum around 600 nm. It has previously been shown that chemically locking the angle of the beta-ionine ring changes the spectroscopic
properties[75]. By breaking the conjugation between the ring and the
rest of the chromophore the absorption is blueshifted, which could help
explain colorvision. A simple model to explain why a shortening of the
conjugation causes a blueshift is the ”particle in a box”, in this model the
energy spacing between different energy levels is inversly proportional
49
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to box length squared[81]. A different way to shorten the conjugation is
by simple shortening the entire tail. As part of the paper ”Action and Ion
Mobility Spectroscopy of a Shortened Retinal Derivative” (IV) the action
absorption spectra of a shortened retinal derivative (see Figure 3.2 inset,
molecule (b)) have been measured at ELISA. The full paper is included
in appendix 6. Figure 3.2 shows the recorded spectrum compared with
previous measurements of the PSBR at ELISA and (c) an even shorter
retinal derivative measured in the lab of Evan Bieske[79]. The blueshift
of the absorption increases when tail length decreases, consistent with
earlier measurements and ”particle in a box”.
Another proposed way of perturbing the absorption spectrum of PSBR
is electrostatic rather than geometric. The paper ”Counterion-Controlled
Spectral Tuning of the Protonated Schiff-Base Retinal” (V), which is included in full in appendix 6, illuminates the influence of electrostatic
interactions on the spectral profile of the PSBR chromophore. In the gas
phase electrostatic interactions are probed experimentally by making a
complex between PSBR and betaine, a zwitterion with a very large dipole
moment (11.9 D[83]) or dimethylformamide which has a lower dipole
moment of ∼3.8 D[84]. Furthermore, experiments were conducted on
dimethylated PSBR to investigate the effect of protonation of the chromophore. Chemical structures of the relevant molecules can be seen
in Figure 3.3 on the top: 1+ is PSBR, 2+ is the dimethylated PSBR, B is
betaine and D is dimethylformamide. Experiments were conducted at
ELISA and at the SEP1 single pass setup. The ionsource and injection
of the SEP1 is very similar to ELISA. Instead of injecting into a ring, the
ions are laser activated and charged fragments are recorded using a hemispherical electrostatic analyser and a channeltron detector[85, 86]. The
results can be seen in Figure 3.3, where the superscript a indicates measurement at ELISA and b indicates SEP1. Compared to isolated PSBR (blue
curve), addition of a dipole blueshifts the absorption. The magnitude
of the blueshift is increasing with the strength of the dipole. Measurements of the dimethylated PSBR show a similar blueshift, indicating that
50
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Figure 3.3: Relevant chemical structures of PSBR (1+ ), dimethylated PSBR
(2+ ), betaine (B) and dimethylformamide (D). Bottom shows the action
spectra of relevant complexes. Figure adapted from reference [82]. 51
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the protonation state of the chromophore is negligible. The blueshift
caused by a dipole interaction has, in recent studies, been linked with
the degree of charge transfer in a transition[25], agreeing with previous
descriptions of the S1 ←S0 transition in retinal having a high degree of
charge transfer[87–89].
Both papers show different ways the protein environment can interact with the chromophore tuning absorption over a wide range of
wavelengths. Interestingly, the protein environment can tune more than
just the spectral properties of the chromophore; It can also tune the
efficiency.

3.4 Characterisation of the Isomerisation
Dynamics
When a photon is absorbed by the retinal chromophore, photo-isomerisation
takes the chromophore back into the electronic ground state. For vision
to function efficiently, the isomerisation process needs to be fast. The
speed of this isomerisation was measured in solution phase and found to
be ∼5 ps, much slower than observed in the protein[68, 69]. Is the protein
facilitating a much faster isomerisation or do the solvent simply impair
the process? To investigate ultra-fast molecular dynamics, femto-second
pumpe-probe experiments were conducted on all-trans and 11-cis. Additionally, state of the art XMCQDOT2[90]/SA(2)-CASSCF(12/12)/cc-pVDZ
perturbation theory excited state calculations were employed by Anastasia Bochenkova to help understand the experimental data. The findings are presented in the following paper ”Intrinsic photoisomerization
dynamics of protonated Schiff-base retinal” (II).
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Intrinsic photoisomerization dynamics of protonated Schiff-base retinal
Hjalte V. Kiefer,1 Elisabeth Gruber,1 Jeppe Langeland,1 Pavel A. Kusochek,2 Anastasia V. Bochenkova,2 and Lars
H. Andersen1, a)

1)
Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C,
Denmark
2)
Chemistry Department, Lomonosov Moscow State University, 119991 Moscow,
Russia

The retinal protonated Schiff-base (RPSB) in its
all-trans form is found in bacterial rhodopsins,
whereas visual rhodopsin proteins host 11-cis
RPSB. In both cases, photoexcitation initiates
fast isomerization of the retinal chromophore,
leading to proton transport, storage of chemical
energy or signaling. It is an unsolved problem, to
which degree this is due to protein interactions
or intrinsic RPSB quantum properties. Here,
we report on time-resolved action-spectroscopy
studies, which show, that upon photoexcitation,
cis isomers of RPSB have an almost barrierless
fast 400 fs decay, whereas all-trans isomers exhibit a barrier-controlled slow 3 ps decay. Moreover, formation of the 11-cis isomer is greatly
favored for all-trans RPSB when isolated. The
very fast photoresponse of visual photoreceptors
is thus directly related to intrinsic retinal properties, whereas bacterial rhodopsins tune the excited state potential-energy surface to lower the
barrier for particular double-bond isomerization,
thus changing both the timescale and specificity
of the photoisomerization.
Bacteriorhodopsin (bR) is a seven helix membrane
protein, employed by halobacteria as a proton pump to
convert light into chemical energy by transporting protons across the cell membrane.1,2 It contains the all-trans
retinal chromophore in the protonated Schiff-base form
(RPSB) which isomerizes upon photoexcitation from its
native all-trans to the 13-cis form with high specificity
(64 %) and speed (500 fs).3–5 According to current belief,
interactions within the protein facilitate isomerization
that takes place with a speed about ten times faster than
encountered without such interactions since isomerization
takes about 2-10 ps in solutions.4,6,7 In solutions, both 11cis and 13-cis products are formed, with total quantum
yields on the order of 10-30 %4,6,8,9 and hence high specificity is obtained in proteins and not in solutions. It is
also known that the retinal chromophore isomerizes upon
photoexcitation in the gas phase, however, the efficiency
as well as speed are unknown.10,11
Another class of retinal proteins is rhodopsins, responsible for the primary event in vision,12 and having
the 11-cis RPSB chromophore. Experimental13–18 and

a) Corresponding

author: lha@phys.au.dk

theoretical19–21 studies have shown that the 11-cis to
all-trans isomerization in rhodopsins is extremely fast
and likely caused by dynamics on an almost barrierless
potential-energy surface of the first (S1 ) excited state.22,23
The progression from the initially populated FranckCondon point to a fluorescent state in S1 takes for example
less than 100 fs,16 and full isomerization through a conical
intersection is completed within 200 fs.13,14,19 Rhodopsins
also show high (65 %) quantum yields for isomerization to
all-trans. The cis isomer is found to behave much faster
than all-trans in MeOH at early times, but showed the
same slow (4 ps) behavior on the longer timescale.24–26
To account for both fast and slow dynamics, as well as
the low quantum yield of only 0.22 in solution, it was proposed that a primary role of the protein is to adjust the
ratio between ground-state chromophore conformations
that lead to reactive and nonreactive decay channels.27
The two classes of proteins with all-trans and 11-cis
RPSB chromophores both exhibit ultrafast sub-ps excitedstate dynamics in their host proteins, yet their dynamics
in solutions is multi-exponential and shows a long ps component. Interestingly, the lifetime of all-trans RPSB in
solutions may be shortened by an order of magnitude from
∼4 ps to ∼400 fs upon chemical modifications of the retinal backbone with a wide spread in quantum yields.30,31
The most likely explanation points towards tuning of the
excited-state potential energy-surface around one or more
conical intersections. These are notoriously hard to characterize theoretically and electron correlation as well as
nuclear dynamics must be treated accurately.32 Based
on QM/MM calculations of a RPSB model chromophore,
it was proposed that the excited-state lifetime difference
obtained in isolation and in MeOH may be traced to
isomerization barriers primarily due to electrostatic interactions in the solution phase.23
Years of studies have been concerned with the related
subject of spectral tuning (opsin shift) in proteins, where
the band maximum traditionally has been compared to
that obtained in MeOH solution (440 nm).8 This value
is far from the intrinsic transition wavelength of about
610 nm obtained in the gas-phase for both all-trans and
11-cis RPSB chromophores,33–35 as well as those found in
retinal containing proteins. Interactions inside proteins,
as well as in solutions, hence significantly change the
energy gap between the ground and excited electronic
states in the Franck-Condon region and may also change
the excited-state potential energy surface around conical
intersections. This may cause optimum conditions for
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FIG. 1. Experimental technique. a. The experimental setup at the electrostatic ion-storage ring saphira28 . Ions are
produced by electrospraying retinal chromphores dissolved in methanol. The chromophore ions are stored in saphira before
being irradiated by fs laser pulses. b. The all-trans protonated Schiff-base retinal chromophore. c. Circulating ions produce
neutral fragments from collisions with the residual gas (blue curve). Absorption of photons (after 2.4 ms of ion storage) increases
the internal energy and causes statistical fragmentation after internal conversion to the ground state, as measured by the MCP
detector (red curve).29 d. At each pump-probe delay laser-induced fragmentation is registered as a function of storage time
in saphira. The pump-probe signal is obtained by subtracting background contributions (collisional background as well as
single-pulse events) from the total two-pulse signal (see also Supplementary Information Fig. 1).

fast isomerization and high quantum yields in proteins.
Alternatively, the difference may be ascribed to significant
perturbations taking place primarily in solutions, which
slow down the isomerization and change the quantum
yield significantly.
Despite numerous and advanced time-resolved studies
of retinal proteins and RPSB chromophores in solutions,
reference measurements obtained in the gas phase without solvent effects (H-bonding, steric interactions, electric
fields, counterions etc.) have not been obtained. Such
measurements are needed to access the exact role of a
hosting medium with respect to key properties such as
quantum yields and excited-state lifetimes, which in turn
are also related to fluorescence properties.25,36,37 The
reason for this situation is the tremendous experimental challenge encountered when working with extremely
dilute clouds of ions in the gas phase, where the chromophore density is orders of magnitude smaller than in
solutions. Despite the challenges, such data may provide
a stringent test of ab initio theories, which must be able
to satisfactorily deal with the chromophore in isolation
before any predictions of transition energies, lifetimes,
and quantum yields in environments may be considered
fully reliable.
Here, we report on the first experimental excited-state
dynamics study of the RPSB chromophores in isolation
(gas phase). A new experimental approach, combining time-resolved action spectroscopy38 with femtosec-

ond pump-probe techniques39 in an ion storage ring, is
used. The new technique is applicable to anions38 as
well as cations, such as the protonated Schiff-base retinal
chromophore. The studies include variations of key parameters, such as the pump and probe wavelengths and
the chromophore-ion temperature. High-level ab initio
calculations are performed to support our conclusions.

I.

EXPERIMENT

The experiments are performed at the ion-storage ring
saphira28 (Fig. 1 a), where RPSB chromophore ions
(Fig. 1 b) are stored in vacuo for several ms. The absorption of photons is registered by the induced fragmentation and subsequent detection of neutral photofragments
(Fig. 1 c, d). The rate of statistical fragmentation (action) depends on the total internal energy of the ions, and
therefore on the number of photons absorbed.29 From the
fragmentation rate, we are able to deduce when, after
initial S0 → S1 excitation, a second probe photon of given
energy and delay may be absorbed. This has been utilized in two different pump-probe schemes to obtain the
excited-state decay as well as the ground-state recovery.
The present new approach of two-dimentional timeresolved action spectroscopy works as follows. A pump
pulse first excites the RPSB chromophore in the broad
S0 → S1 absorption band, which in the gas-phase is be-

tween 550 and 650 nm.33–35 To follow the evolution in
the excited state, a probe wavelength of either 800 nm
or 900 nm was used. At these wavelengths, subsequent
S1 → Sn excitation may take place35 causing fast statistical fragmentation of the chromophore ions after sequential
absorption of two photons (pump and probe) and internal
conversion to the S0 ground state. The ground state is
not re-excited at these probe wavelengths, and hence the
fast two-photon fragmentation signal disappears as soon
as the system has left the S1 excited state and returned
to S0 (Fig. 2 a, b). In contrast, when a probe wavelength, resonant with the S0 → S1 electronic transition is
used, one retrieves the ground-state recovery after internal
conversion by the growing fast, two-photon action signal
with increasing pump-probe delay (Fig. 2 c, d). Identification of the absorption of two consecutive photons is
provided by the time at which the molecular dissociation
takes place, hence time in two dimensions: The statistical
fragmentation time and the pump-probe delay.

II.

RESULTS AND DISCUSSION

The time-resolved pump-probe fragmentation signal
with 580 nm pump pulses and 800 nm probe pulses is
shown in Fig. 2 a. A fast decay is observed when the 580
nm pump comes prior to the 800 nm probe (positive delay).
Here the RPSB chromophore is first excited to S1 by the
pump pulse, and further excited to S3 by the 800 nm probe
pulse.35 No fast, two-photon, action is observed when the
pulses arrive in the reversed order (negative delay) due
to the lack of ground-state excitation with 800 nm pulses.
The signal also disappears at late times when the ground
state is repopulated after internal conversion. The data
shows two lifetimes of approximately 400 fs and 3 ps, with
an ultrafast sub-100 fs component, reveiled from a threeexponential fit (Fig. 2 a inset), ascribed to wavepacket
dynamics in the Franck-Condon region. Similarly, when
the probe-pulse wavelength is set to probe the same S0
to S1 transition as the pump pulse (580 nm, Fig. 2 c),
the two-photon absorption signal appears when the S0
ground state becomes repopulated with the same set of
lifetimes. The two lifetimes were found to be insensitive
to the choice of wavelength (Supplementary Information,
Figs. 2 and 3).
In Fig. 2 e, we consider the case with 580 nm and
400 nm pulses. Both are capable of exciting the ground
state (to S1 and S2 , respectively), though with different
efficiency. This gives a signal at asymptotic negative as
well as positive delay times. The S0 → S2 transition has
a low oscillator strength, and the 400 nm probe pulse is
absorbed from the S1 state more efficiently than from S0
after internal conversion,35 resulting in the overall decay
of the signal at positive delay times. Notably, when the
RPSB is excited to S2 by 400 nm excitation, it returns
to the ground state in ca. 500 fs, as evidenced from the
dynamics at negative delay times. Such fast relaxation
of RPSB in S2 was also seen in fluorescence studies of

RPSB ions in solvents37 . However, more detailed gasphase studies are required to fully resolve the relaxation
dynamics of RPSB following its excitation to S2 .
The temperature of the chromophore ions prior to injection into the ion-storage ring may be controlled by cooling
the ion trap inside the ion source with liquid nitrogen. At
100 K, the lifetimes are found to increase significantly to
1.4 ps and 77 ps, as shown in Fig. 3 (compared to 400
fs and 3 ps at 300 K). This indicates that both lifetime
components are controlled by one or more barriers in the
excited state.
It is in general challenging to completely isolate all-trans
from single-cis isomers of RPSB in the gas phase as well as
in solutions, where exposure to light generates isomerized
forms which are non-statistically populated.34,40,41 Ion
mobility measurements of the RPSB chromophore have
shown an almost equal content of all-trans versus single cis
isomers after electrospraying the all-trans isomer.41 Based
on these results, we might expect a significant fraction of
the ions populated in single cis-isomers, separated from
the all-trans configuration by relatively high barriers. We
therefore consider both all-trans and single cis isomers as
relevant RPSB forms in the following discussion.
To interpret the experimental results, we have performed multi-state multi-reference perturbation theory
excited-state calculations for the all-trans and single
cis isomers of RPSB, using the XMCQDPT242 /SA(2)CASSCF(12/12)/cc-pVDZ method. In Fig. 4 a–d, S1
relaxed geometry scans for rotation about three central
double bonds in the all-trans and single cis chromophores
are shown. We find that all-trans RPSB has small barriers that hinder rotation about the C9 =C10 , C11 =C12 ,
and C13 =C14 bonds and specifically that the barrier is
the smallest (by a factor of 2.5) for rotation about the
C11 =C12 bond. For all-trans → 11-cis isomerization, the
barrier is 0.04 eV and the corresponding minimum-energy
conical intersection (MECI) lies 0.3 eV below the minimum in S1 , thus providing a direct route to the ground
state after crossing the barrier in S1 . The associated
excited-state lifetime of all-trans RPSB is calculated to
be 4 ps at 300 K and as long as 92 ps at 100 K. These
values are in agreement with the long time-component
observed in the present measurements, 3 ps at 300 K and
77 ps at 100 K, which is thus assigned to the decay of S1
in all-trans RPSB.
According to our calculations, the 9-cis, 11-cis, 13-cis
isomers exhibit essentially flat potential energy surfaces
around the corresponding minima in S1 and hence undergo
ultrafast, almost barrierless internal conversion from S1
to S0 . The steepest pathway is found for the 11-cis isomer
(Fig. 4 b). This is consistent with our measured fast
sub-ps component. However, this component also shows
a temperature dependence and increases from 400 fs at
300 K to 1.4 ps at 100 K (Fig. 3). Using the experimentally determined lifetime at the low temperature, we
can estimate a barrier height for the cis isomers in S1 .
This gives a barrier which is approximately one order of
magnitude lower than that found in all-trans RPSB. Such
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FIG. 3. Pump-probe signal as a function of the pumpprobe delay at 300 K and 100 K. The excited-state decay
of RPSB at two temperatures. Upper graph: Two-photon
signal as a function of delay between pump (600 nm) and
probe (800 nm) pulses, recorded at 300 K. Lifetimes of about
400 fs and 3 ps are here deduced. Lower graph: Same as upper
graph, but recorded at 100 K where the lifetimes are 1.4 ps
and 77 ps. The shaded areas are shown to provide a cross
comparison with the data obtained at the other temperature.

a small barrier height is consistent with the calculated
flat potential energy surface of the S1 state for the cis
isomers, in particular for 9-cis and 13-cis RPSB.
The calculated S1 –Sn vertical excitation energies along
the C11 =C12 isomerization coordinate of all-trans and 11cis RPSB (Fig. 4 e–f) show that the transient absorption
(TA) corresponds to the S1 –S3 excitation, which is the
brightest transition along the entire reaction pathway. It
shifts to shorter wavelengths as a vibrational wavepacket
travels in the S1 state towards the conical intersection
(Fig. 4 g). Indeed, the enhanced experimental TA signals,
seen at 720 nm and 660 nm, match the bright S1 –S3
vertical transitions at the optimized geometries of the S1
minimum and transition state, respectively (see Fig. 5).
We note that the higher lying S2 state is not involved
in internal conversion as previously suggested using the
CASSCF optimized geometries43 . The S2 does not appreciably mix with the S1 state along the reaction pathway,
with the smallest energy gap being equal to 0.9 eV and
steeply rising as the chromophore twists (see Fig. 4 e–
f). The mechanism of internal conversion is thus defined
solely by the interplay between the ground and first excited states in RPSB, where the latter is dominated by
a charge-transfer character. The absence of a potentialenergy barrier in the single cis isomers can be attributed
to sterical hindrance imposed by the repulsive interaction
of the methyl groups with the hydrogen atoms of the
conjugated tail of the chromophore, resulting in destabilization of the planar equilibrium structures in S1 and

almost barrierless internal conversion in cis isomers. The
equilibrium structures of 9-cis and 13-cis RPSB lie 0.09
and 0.12 eV higher in energy compared to that of all-trans
RPSB, respectively. In the 11-cis isomer, the S1 planar
structure lies 0.22 eV higher in energy compared to that of
all-trans RPSB and is not stable with respect to rotation
about the C11 =C12 bond at the XMCQDPT2/SA(2)CASSCF(12,12)/cc-pVDZ level of theory.
The fraction of ions in the short-lived component increases from 40% to 57% in going from 300 K to 100
K, thus indicating that the cis isomers are most likely
formed through light exposure or collisions. The thermal backward cis → trans reaction in the ground state is
strongly influenced by the temperature of the ions, hence
resulting in a larger fraction of the cis isomers trapped in
the ground state at low temperature. These fractions are
also consistent with the IMS measurements.34,41 Furthermore, the all-trans → cis photoreaction shows specificity
in the gas phase, as evidenced by our calculations, thus
predominantly resulting in the 11-cis isomer.
Starting with an 11-cis sample, the decay is also described by two components, a short 650 ± 160 fs component and a long 4.7 ± 3 ps component at 300 K, (see Fig.
6) similar to the dynamics of the all-trans sample. Here,
the fraction of ions in the short-lived component is 78%
(300 K), supporting that the fast component is connected
with the 11-cis isomer.
The excited-state relaxation dynamics of a recently
discovered bacterial rhodopsin, KR2, which functions as
a light-driven sodium-ion pump and contains all-trans
RPSB shows several time constants.44 A major 180 fs
component is attributed to the reactive decay of S1 , while
two minor components of 3 and 30 ps are assigned to nonreactive S1 states. The decay by isomerization of S1 occurs
three times faster in KR2 than in bacteriorhodopsin, and
hence the protein environment can indeed change the
timescale of photoisomerization.
The mechanism that produces nonreactive S1 states,
also reported for other retinal-containing proteins,44 is
not clear. However, in light of our findings, it is tempting
to assign the slow ps components observed in KR2 to
the dynamics of all-trans RPSB in its native, planar
conformation inside the protein, assuming that active-site
structural heterogeneity involves different conformations
of all-trans RPSB inside the chromophore-binding pocket.
The protein may facilitate photoisomerization by changing
the native conformation of all-trans RPSB through pretwisting it in S0 , thus reducing the barrier height for
double-bond rotation in S1 and decreasing the timescale
considerably. The slow 3 ps component found in KR2 is
remarkably similar to that observed in the present study
for the bare all-trans RPSB. Moreover, our calculated
lifetimes for isomerization about C11 =C12 and C13 =C14
(or C9 =C10 ) bonds are ∼5 ps and ∼40 ps, respectively.
These values are to be compared with the slow 3 ps and
30 ps time constants of KR2. In both cases, the planar
all-trans PSBR chromophore is slow and most likely not
operational in the photocycle of the protein. Hence, the
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FIG. 5. Transient absorption (TA) measurements of
RPSB in the gas phase at 300 K and 100 K. The TA
data are shown as a function of variable probe wavelength
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both temperatures. See discussion in the text.

native planar conformation of the chromophore might
be responsible for slow nonreactive dynamics in retinalcontaining proteins.

III.

CONCLUSIONS

The excited-state dynamics of RPSB-containing proteins as well as of RPSB in solutions shows a variety
of time constants, typically in the sub-ps and few ps
regime. We have studied, for the first time, the dynamics
of the bare RPSB chromophore in vacuum and found
timescales of the very same order. When excited to the
first electronically excited state, the decay is found to be
tri-exponential, where the two short lifetimes together is
represented by a ∼400 fs decay. This decay time is independent of the excitation wavelength, but temperature
dependent, raising by a factor of about three when the
RPSB chromophore is cooled to 100 K. It gives evidence
that a barrier as small as 30 cm−1 is operative in internal
conversion for the bare chromophore A longer, several
ps component is also involved. This component reaches
a decay time of almost 100 ps when cooled to 100 K.
According to our calculations this is consistent with a
0.04 eV (approximately 300 cm−1 ) energy barrier in S1
for all-trans RPSB. Experimentally and theoretically the
long ps decay is thus assigned to RPSB in the all-trans
form. Theoretically, we find the isomerization of RPSB
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FIG. 6. Pump-probe signal for all-trans and 11-cis
RPSB samples in gas phase. Pump-probe signal for alltrans (top) and 11-cis (bottom) samples obtained with 600 nm
pump and 800 nm probe at room temperature. The full curve
is from a fit with two exponential functions folded with the
80 fs cross correlation in the experiment. The dashed lines
represent the two decay components in the fit 424 ±121 fs and
2.5 ±0.3 ps for all-trans and 650 ±160 fs and 4.7 ±3 ps for
11-cis RPSB.

in the 11-cis form to be essentially barrierless in S1 and
the short sub-ps component may therefore be ascribed to
11-cis RPSB. Based on our findings, we conclude that the
visual photoreceptors rely on the ultrafast intrinsic photoresponse of their 11-cis chromophore, whereas bacterial
rhodopsins tune the photoresponse of the all-trans RPSB
chromophore by particularly reducing the barrier height
about the C13 =C14 double bond, thus changing both the
timescale and specificity of photoisomerization of RPSB
compared to those found in the intrinsic photoresponse,
where the lowest barrier is for rotation about the C11 =C12
double bond.
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METHODS

a. Experimental setup The experiments were performed at the saphira electrostatic ion-storage ring.28,45
where an electrospray ion-source with a multipole ion
trap was used to produce bunches of bio-chromophores
in vacuo.
b. Ion source and sample preparation All-trans as
well as 11-cis Schiff base retinal chromophores were dissolved in methanol and electrosprayed as protonated ions
from a steel needle. Solvent molecules were evaporated
off in the capillary which was heated to about 100 C,
resulting in bare, singly charged molecules, which were
transported through an octopole ion guide to a 12-pole
RF ion trap. Helium buffer gas collisions reduced the
translational kinetic energy causing the ions to be trapped.
The ions were thermalized to the buffer-gas temperature
(100 or 300 K) while trapped. At 100 Hz repetition rate,
ions were extracted as 20 µs bunches. The ion source was
located on a 4 kV high-voltage platform, which provided
extraction from the source and subsequent acceleration
to 4 keV. The retinal ions were mass-to-charge selected
through a dipole magnet prior to injection into saphira.
c. Ion storage and detection saphira has four
quadrupole 90◦ bending electrodes, mounted with
quadrupole triplet lenses at the entrance and exit of each
corner to keep the ion beam collimated in the ring. Two
particle detectors mounted at the end of corner 3 and 4 detected neutrals generated by residual gas collisions (background pressure 2 × 10=8 mbar) and from photo-induced
dissociation, see Supplementary Information Fig. 1.
d. Laser system and optical setup Laser pulses were
generated by a Ti:Sapphire based Libra HE-UFS oscillator
and regenerative amplifier system, delivering 4 mJ, 50 fs
pulses with 1 kHz repetition rate. The pulses were split
3:1 to separately pump two TOPAS-C optical parametric
amplifiers, which generated the pump and probe pulses.
One of the beams was delayed by a motorized delay stage.
The two beams were collinearly overlapped using a beam
splitter or dichroic mirror, depending on the pump and
probe wavelength. The cross-correlation of two 580 nm
pulses was measured to be 80 fs in a β-Barium borate
crystal by sum-frequency generation. The pulse energies

were 100 µJ at 580 nm, 60 µJ at 610 nm, and 200 µJ at
400 nm.
e. Typical experimental cycle The ion bunches circulated for about 2 ms in saphira prior to laser excitation.
The first laser pulse excited the retinal chromophores
from the S0 ground state to the S1 excited state. Internal
conversion brought the ions back into the ground state,
now with significantly increased internal energy, leading
to fragmentation on the millisecond time-scale. The total
pump-probe signal appears from the increased fragmentation of both pump and probe photon absorption. For the
final data analysis, we consider only the counts of the first
pump-probe signal peak (as a function of the pump-probe
delay), to limit statistical fluctuations from background
subtraction. Error-bars are estimated considering only
the statistics of the neutral counts.
f. Computational methods All energy and gradient
calculations in both excited and ground states are performed using the extended multiconfiguration quasidegenerate perturbation theory, XMCQDPT242 . Structures of the stationary points in S1 and the S1 /S0
minimum-energy conical intersection, as well as relaxed
geometry potential energy scans along isomerization coordinates in S1 are obtained at the XMCQDPT2[2]/SA(2)–
CASSCF(12,12)/cc-pVDZ level of theory. Vertical excitation energies S1 –Sn along reaction pathways are calculated
at the XMCQDPT2[7]/SA(7)–CASSCF(12,12)/cc-pVDZ
level of theory. The Firefly package46 , version 8.2.0, is
used for all electronic structure calculations. Excitedstate lifetimes of all-trans RPSB are calculated using the
transition state theory as an inverse of a sum of rate
constants that refer to rotation about three double bonds.
We assume the same thermal population of vibrational
levels in S1 as in S0 , following excitation that is close to
the adiabatic transition in RPSB. An excess of vibrational
energy gained upon excitation is therefore considered to
be small compared to an average vibrational energy of the
chromophore ions equilibrated in the ground state prior
to excitation. Partition functions for the reaction modes
are calculated based on the exact eigenvalues found as
numerical solutions to the one-dimensional Schrödinger
equation using the calculated XMCQDPT2 potentials
that hinder rotation about double bonds in S1 .
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Denmark

t<0

t>0

λpump (nm) λprobe (nm) τshort (fs) τshort (fs) τlong (ps)
–

587 ± 102 5.3 ± 2.3

570

800

580

400

580

800

–

395 ± 42 3.7 ± 0.4

580

900

–

440 ± 110 4.1 ± 1.9

600

800

–

424 ± 121 2.5 ± 0.3

620

800

–

409 ± 136 2.6 ± 0.7

640

800

–

383 ± 47 7.6 ± 4.4

TABLE I. Exponential fit results Characteristic lifetimes obtained by fitting a double exponential
decay function, or single exponential recovery function to individual spectra. Positive times
corresponds to the situation where the pump pulse is applied before the probe pulse.
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II

493 ± 66 910 ± 294 3.0 ± 1.4
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FIG. 1. Counts of fragments on the MCP detector as a function of storage time. Time
zero is defined as the firing time of the pump laser. The data shown were accumulated for pumpprobe delays larger than 700 fs for 580 nm probe, and for less than 700 fs for a 800 nm probe. Counts
are generated only when an ion bunch is approaching the detector, hence peaks appear with time
intervals defined by the revolution time (80 µs) in SAPHIRA. a-d 580 nm pump and 580 nm probe.
e-h 580 nm pump and 800 nm probe. a, b, e, and f The blue trace was recorded without laser
pulses where counts were solely due to unimolecular dissociation (hot ions from the source) or
collisionally-induced fragmentation. Firing only the pump or probe laser, which might also lead to
absorption and thus fragmentation depending on the photon wavelengths, yielded the orange and
red traces respectively. Finally, the yellow traces show the recorded signal when both a pump and
a probe pulse were fired. In c and g, the one-pulse signals (the sum of pump only and probe only
with the background signal subtracted) are shown as the black traces. The green traces in d and
h are the background corrected pump-probe signal,
3 obtained when both a pump and a probe pulse
were absorbed.
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FIG. 2. Two-photon, pump-probe signal as a function of delay between pump and
(fixed 800 nm) probe pulses. Pump pulses are in the spectral region of S1 . The full curves are
from fits with two exponential functions folded with the 80 fs cross correlation in the experiment.
Dashed lines indicate the components in the fits.
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FIG. 3. Wavelength dependence of lifetimes. The short and long lifetimes as a function
of the pump wavelength (800 nm probe wavelength), obtained from two-component fits to the
excited-state decay (see data with fits in supplementary information, Fig. 2.). The dashed lines
represent the average lifetimes for the data. Note that the short lifetime component of about 400 fs
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FIG. 4. Calculated potential energy curves along the isomerization coordinates in 6scis and 6s-trans rotomers of all-trans RPSB. Energies of the first excited state are shown
with respect to the corresponding minima in the ground state. Note that the 6s-cis and 6s-trans
rotomers have the same barrier heights that hinder isomerization in S1 in all-trans RPSB. See also
Fig. 4 in the main text.
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CHAPTER

4

T HE G REEN F LUORESCENT
P ROTEIN

In this chapter data from my studies of the Green Fluorescent Protein
(GFP) model chromophore is presented. The chapter is divided into to
parts: The first part is a study on the spectral properties of the model
chromophore when complexed with a strong dipole. This part will be
presented in the form of a paper published in ChemPhysChem in 2018.
The second part is a study on excited state proton transfer, an important
part of the photocycle within the GFP. A manuscript describing these
measurements is in preparation and some paragraphs from the first draft
are included in this chapter.
69
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4.1 Gas Phase Model System
The Green Fluorescent Protein (GFP), first discovered in the jellyfish
"Aequorea victoria", is widely used in biological imaging as a fluorescent marker. As a non-toxic and self-folding entity, it is ideal for use as a
tracker in living cells[19]. The protein chromophore is formed autocatalytically from the residues Ser65, Tyr66 and Glu67 in the central α-helix,
surrounded by an 11-stranded β-barrel[91]. The chromophore is held in
place by a hydrogen-bond network including structural water and amino
acid residues[92]. The GFP chromophore anion is typically modeled
using the deprotonated para-hydroxybenzylidene-2,3-dimethylimidazonilone (HBDI− ) anion, which closely resembles the chromophore in
the fluorescent state of GFP[93]. The absorption spectrum of green fluorescent protein is shown in Figure 4.1 alongside the model chromophore
(HBDI) in both a neutral and an anionic form. The two absorption bands
are attributed to a neutral and an anionic protonation state of the GFP
chromophore. HBDI has been used in all experiments presented in this
chapter.

4.2 Effects From a Strong Dipol
The main goal of the work presented in this section is to show the effect
of a large electric field on the spectral properties of the HBDI. Attaching a
strong dipole, like betaine, to the chromophore generates an electric field
comparable to that of the natural protein environment. Surprisingly, the
spectroscopic effects of such a dipole interaction is limited to a spectral
shift of only 0.08 eV compared to the bare HBDI− . This shift is half the
shift seen in the hydrogen bound dimer system of 0.15 eV[21] (still compared to HBDI− ). The hydrogen bond interaction seems to play a much
larger role in the spectral tuning of the chromophore than large dipole
interactions. The small shift from the dipole may be explained by the
70
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Figure 4.1: The absorption spectrum of the green fluorescent protein
with two distinct peaks attributed to the neutral and anionic form of
the chromophore[94]. On the right: The GFP model chromophore in its
anionic and neutral form.

nature of the electronic S1 ← S0 transition which is of non-charge transfer
character[25, 95].
In the protein, the chromophore is highly fluorescent (79 % quantum
yield[96]), which means, contrary to the PSBR, it should have a long
excited state lifetime. Fluorescence time-scales are on the order of nanoseconds and so, the excited state lifetime should be comparable for fluorescence to be a dominant decay channel. However, gas-phase measurements have shown short lifetimes of the isolated HBDI− at room temperature with a fast internal conversion through a conical intersection[44, 97,
98]. An interesting question to address is how the protein environment
prevents this fast isomerisation? Suggested mechanisms include a steric
constraint, or maybe the large electric field of the protein matrix (100
71
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MV/cm at the phenolate oxygen[35]) localise the charge and stop the
isomerisation?
To test the latter, fluorescence experiments of HBDI− − betaine complexes were carried out. These experiments did not yield any measurable
fluorescence (for a number of possible reasons). The experiments and
data are described in the paper ”The Effect of an Electric Field on Spectroscopic Properties of the Isolated Green Fluorescent Protein Chromophore
Anion” (III).
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The Effect of an Electric Field on the Spectroscopic
Properties of the Isolated Green Fluorescent Protein
Chromophore Anion
Jeppe Langeland,[a] Christina Kjær,[a] Lars H. Andersen,[a] and Steen Brøndsted Nielsen*[a]
Here we uncover the direct effect of a high electric field on the
absorption by the Green Fluorescent Protein chromophore
anion isolated in vacuo based on gas-phase action spectroscopy. Betaine is a strong molecular dipole that creates an
electric field of ~ 70 MV/cm when attached to the ion at the
phenolate oxygen, more than half the actual field from the
protein matrix and pointing in the same direction. Nevertheless,
the shift in absorption is limited (0.08 eV), supporting earlier
conclusions, but subject to much debate, that the protein is
rather innocent in perturbing the transition energy. The betaine
complexes are readily made by electrospray ionization and in
contrast to the bare ions, they dissociate after one-photon
absorption. Also, electron detachment is not an open channel
complicating the bare ion case. As steric constraints are absent
in vacuo, the possibility of turning on fluorescence by an electric
field can be tested from experiments on complexes with
betaine.

The Green Fluorescent Protein (GFP) displays unique spectroscopic properties as it converts blue light to green light, which
has resulted in its extensive use in molecular biology to monitor
gene expression and developments in living cells.[1] The protein
is found in the jellyfish Aequorea victoria and exhibits maximum
absorption at 399 nm and 477 nm. The first band is ascribed to
the neutral p-hydroxybenzylidene-imidazolinone chromophore
and the second to the deprotonated anion form.[2]
While the GFP chromophore is buried inside the b-barrel
structure of the protein and shielded from bulk water, it
experiences a significant electric field from the protein matrix
(100 MV/cm at the phenolate oxygen[3]) due to charged
(arginine), polar, and polarizable amino acid residues. At the
imidazolinone oxygen there is likewise a strong field of 35 MV/
cm.[3] Such strong fields may be capable of perturbing the
intrinsic spectral properties of the optical active center. Indeed,
a question that has been up for much debate is how the
protein microenvironment affects the transition energies of the
GFP chromophore, if at all, as well as its fluorescence quantum
yield. A common assumption is that if the transition energy is
unchanged by the protein matrix, it is due to counterbalancing

[a] J. Langeland, C. Kjær, Prof. L. H. Andersen, Prof. S. Brøndsted Nielsen
Department of Physics and Astronomy
Aarhus University (Denmark)
E-mail: sbn@phys.au.dk
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cphc.201800225
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electric fields. One way to check this is to introduce one field at
a time.
It is hard to disentangle the importance of different
interactions within the protein cavity, e. g., hydrogen bonding
to a single water molecule, noncovalent interactions (field
effects), and steric constraints preventing flexibility and limiting
the geometric phase space of the chromophore (i. e., its
location in the cavity). One large advantage of gas-phase ion
spectroscopy is that the intrinsic color of ions can be
established, free from any interactions, and individual perturbations can be introduced one at a time. In 2001 it was concluded
from spectroscopy experiments on a model chromophore
anion isolated in vacuo (4-hydroxybenzylidene-1,2-dimethylimidazolinone (HBDI), Figure 1) that overall the protein micro-

Figure 1. Chemical structures of the HBDI anion (two resonant forms shown)
(left) and betaine (right).

environment is rather innocent when it comes to the transition
energy of the chromophore,[4] an intriguing result considering
the large electric field within the cavity. Not surprisingly, the
conclusion has been subject to much discussion and has
spurred a large amount of work by both experimentalists[5–9]
and theorists (see reviews[10–12]). The chromophore is certainly
nontrivial to handle with theoretical tools, and experimentally
the photoresponse may involve both electron emission and
internal conversion, which in turn may implicate both single
and sequential absorption of photons from ns pulsed lasers.[8]
In this work, we have studied the effect of an almost unidirectional electric field by the attachment of a strong molecular
dipole to the anion, and demonstrate that the absorption is
only minimally changed from that of the bare ion, supporting
the original conclusion that the S0-S1 transition energy in the
protein environment is very close to that of the isolated
chromophore.
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Communications

Communications
The absorption by isolated molecular anions is measured
indirectly based on action spectroscopy. Either neutral fragments, fragment ions, or electrons are detected versus
excitation wavelength and their yields taken to represent the
absorption. In Aarhus we typically use either the ELISA ring
(ELectrostatic Ion Storage ring in Aarhus)[13] or the Sep1 sector
instrument[14,15] for such experiments. The latter is a single pass
setup and useful when dissociation is on the microsecond time
scale. The storage ring is needed when dissociation occurs on
longer time scales (hundreds of microseconds to tens of
milliseconds).
Now, in the case of the HBDI anion, there are two
complicating issues: i) Dissociation (loss of CH3) cannot be
induced after the absorption of a single photon; two are
needed for the decay to be within the instrumental time scale
even in the case of the storage ring experiment.[5,7–9,16,17] The
statistical dissociation time at 480 nm is for example 70 s after
single-photon absorption, whereas it is 0.3 ms after two-photon
absorption.[17] In this regard, it is also worth to mention that
even if the excess energy is above the dissociation threshold,
radiative cooling quenches dissociation if the dissociation time
constants exceed tens of milliseconds or more. Hence it is not a
solution just to extend the time window to even longer times.
ii) Excitation in the blue part of the absorption causes electron
detachment in competition with internal conversion.[8] Indeed,
electron detachment opens at 2.73 eV (454 nm), and the
vertical detachment energy (VDE) is at 2.73 eV  0.01 eV,
obtained from experiments on cryogenically cooled ions[18]
(other reports on the VDE range from 2.68 eV to 2.85 eV),[8,19–21]
close to the S0-S1 absorption band maximum at 2.57 eV
(482 nm).[6,8] It is therefore necessary to sample both prompt
one-photon electron detachment as well as slow dissociation
due to two-photon absorption. A large amount of experimental
work was conducted to reach the true value for the absorption
band maximum of the isolated chromophore anion as
discussed recently.[8]
To address the 100-MV/cm field effect of the protein matrix
on the absorption by the chromophore anion, we need to
realize a strong electric field (> MV/cm) at the phenolate
oxygen and in the direction of the C O bond. This we do
experimentally by the attachment of a molecular dipole to the
ion. Betaine (N,N,N,trimethylglycine) is a zwitterion (Figure 1),
which provides it with a significant dipole moment of 11.9
Debye (calculated value).[22] Unfortunately, as we will show later,
this is not enough to fully reproduce the electric field of the
protein matrix.
In the case of HBDI there are two significant resonance
forms where the negative charge is either at the phenolate
oxygen or at the imidazolinone oxygen (Figure 1). There are
therefore two possible locations of the betaine molecule. In
both cases the interaction between the ion and the betaine is
purely electrostatic. We calculated the energy difference
between the two isomers using the Gaussian program package[23] and at the B3LYP/6-311 + + G(2d,p)//B3LYP/6-31 + G(d)
level of theory and found that betaine binds favorably to the
phenolate oxygen. The energy difference is 0.17 eV, which
implies that the other isomer can be ignored (its abundance is
ChemPhysChem 2018, 19, 1686 – 1690
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0.1 % at room temperature). This is supported by a calculated
energy difference of 0.18 eV at another level of theory (M06/
def2-TZVP//M06/6-31 + G(d)). The dissociation into HBDI and
betaine was calculated to require 0.93 eV (corrected for vibrational zero-point kinetic energies), much lower than a predicted
VDE of 3.62 eV. For comparison, the VDE of HBDI itself was
found to be 2.87 eV in good agreement with the experimental
values. Also the predicted increase in the detachment energy
by betaine attachment (0.75 eV) is less than the betaine binding
energy (BE = 0.93 eV) as expected. The computational results
are summarized in Figure 2, including the geometries of the
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Figure 2. Summary of calculational results at the B3LYP/6-311 + + G(2d,p)//
B3LYP/6-31 + G(d) level of theory for the HBDI anion (left) and the complex
between HBDI and betaine (right). Two structures for the complex are shown
where the betaine either binds to the phenolate oxygen or the imidazolinone oxygen (see text for details). The grey region labels the electronic
continuum. The blue arrows represent the photon energy (hf) at the
absorption band maxima found from experiments.

two isomers, and the corresponding results for the bare anion
for comparison. In contrast to the bare ion, the complex
benefits from a low dissociation energy and high VDE, and the
two above-mentioned issues that complicate the bare ion case
are completely avoided making the spectroscopy much simpler.
While the negative charge is delocalized over both oxygens in
the bare ion, the negative charge is mainly at the phenolate
oxygen in the complex to maximize the ion-dipole interaction
energy: The dipole has clearly modified the intrinsic electronic
structure of the ion. In the following, we address how this
impacts the transition energy.
The Sep1 setup[14,15] was used for the present gas-phase ion
spectroscopy experiments as the dissociation energy of the
complex is less than 1 eV, well below the photon energy and
hence very fast. Two different solvents were chosen for electrospray ionization (ESI), either pure methanol or acetonitrile
containing 1 % methanol (in volume). The methanol in the
latter case is necessary to dissolve betaine properly. The reason
for the two different solvents is that while theory predicts the
dominance of one isomer under equilibrium conditions, it is
possible that one ESI solvent could favor one isomer and
another solvent the other. The photoinduced dissociation mass
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spectrum of the complex recorded at an excitation wavelength
of 440 nm reveals that the dominant channel is break-up of the
complex to give the bare HBDI ion and neutral betaine whereas
multiple photon absorption leads to loss of CH3 from HBDI (see
SI). The yield of HBDI versus laser power reveals a linear
dependence at low laser power (see SI) in accordance with a
one-photon process. Saturation sets in at higher laser powers,
followed by a decrease in signal due to consecutive dissociation
and electron detachment. A laser power in the linear regime
was chosen.
The action spectra obtained as the yield of HBDI, divided by
the number of photons, as a function of excitation wavelength
are shown in Figure 3. The spectral shapes are similar

Figure 3. Action spectra for the complexes between HBDI and betaine,
where the yield of HBDI ions was sampled. The two spectra are for two
different ESI solvents: Pure methanol (bars) and acetonitrile:methanol (100 : 1
in volume) (stars). The action spectrum for the bare ion is included (red
circles). Band maxima for the protein (GFP) (in green), the bare ion (in red),
and protonated HBDI dimer (in blue) are indicated.

independently of the solvent used for ESI, and they resemble
that previously reported of the bare HBDI ion. We conclude
that the dominant isomer of the complex is the same under
both experimental conditions, and that it most likely is the
lowest-energy isomer. The band maximum of the complex is at
468 nm (2.65 eV), which implies a blueshift of only 0.08 eV from
the bare ion that absorbs maximally at 482 nm (2.57 eV). It is
worth to emphasize that electron detachment is irrelevant as
the calculated detachment energy is nearly 1 eV higher than
the absorption band maximum (Figure 2). The band maximum
of the protonated dimer of HBDI is further to the blue, at
455 nm (2.72 eV),[24] which indicates that a hydrogen bond has
a larger impact on the transition energy than the noncovalent
interaction between HBDI and betaine. The blueshifts observed
due to H-bonding and the ion-dipole interaction are in
accordance with the HBDI ion being asymmetric and therefore
experiencing some degree of charge-transfer excitation. As is
the case for the bare ion, the absorption by the HBDI betaine
complex is similar to that by the protein (477 nm, 2.60 eV), only
differing 0.05 eV. Our experimental results are in excellent
ChemPhysChem 2018, 19, 1686 – 1690
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agreement with theoretical work by Krylov and co-workers[25]
who showed that the protein matrix blueshifts the bare ion
absorption by only 0.08 eV. The agreement is better than what
to expect as the field at the imidazolinone oxygen within the
protein cavity is of course absent in our model complex. Also
while the field provided by betaine is high, it does not fully
reproduce the actual field within the protein; this is an issue as
Drobizhev et al.[26] recently reported a nonlinear dependence of
an electric field on HBDI spectral tuning. Finally, in addition to
the effect of an electric field from polar and charged residues,
the polarization of the protein matrix will contribute with a
redshift in the absorption as the transition has pp* character.
While the latest gas-phase experiments on the bare ion
revealed a band maximum at 2.57 eV, extrapolation from a
Kamlet-Taft fit of absorption peaks recorded in several solvents
resulted in a value of 2.84 eV,[27] significantly to the blue. Our
present work demonstrates that the overall spectrum of the
bare ion is simply shifted to the blue when betaine is attached,
and therefore that 2.84 eV cannot be right as the band
maximum cannot be located at higher energies than 2.65 eV
(band maximum for betaine complex). One problem associated
with solution-phase experiments in nonpolar solvents is the
complicating issues from counter ions and ion-pair formation,
and we wonder whether this is the reason for the different
experimental values. Our results also question theoretical
approaches that predict vertical excitation energies close to
2.84 eV.[28,29]
It may at first seem counterintuitive that a molecule with
such a large dipole moment does not have a larger effect on
the transition energy. Indeed, based on a calculated distance of
4.63 Å between the phenolate oxygen and the center of the
dipole (taken to be midway between the nitrogen and the
carboxylate carbon), and an angle between the dipole and
distance vectors of 21.28, the size of the electric field at the
phenolate oxygen is 69 MV/cm. Importantly, the direction of
the field is nearly in the direction of the C O bond as it is
within the protein. This is a sizable electric field and more than
half the actual electric field in the protein (100 MV/cm).[3]
Betaine provides therefore an excellent dipole to simulate the
effect of a field within a protein. However, it is also worth to
emphasize that the floppiness of the complex (i. e., lowfrequency vibrational motion of betaine relative to the ion)
might cause variations in the field strength and its direction;
this is clearly a weakness associated with our approach. We
recently demonstrated that the spectral shift due to betaine is
linked to the degree of charge transfer (CT) that the isolated
ion undergoes upon excitation.[30] In other words, the shift
induced by betaine reports on the character of the electronic
transition. Symmetric ions with no permanent dipole moment
that do not undergo CT when alone in vacuo are little
influenced by betaine. For example, the absorption by
permanganate (MnO4 ) only shifts by 0.04 eV when betaine is
bound.[30] This does not imply that betaine does not change the
electronic structure of the ion, both the ground state and the
excited state are clearly perturbed but almost equally. Indeed,
the presence of a strong dipole breaks the symmetry and pulls
the charge towards it, which changes the transition for the
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complex to become CT like. This decoupling (or “unmixing”) of
“donor” and “acceptor” orbitals results in a lowering of the
transition energy. A simple example which illustrates this is H2 + :
As the distance between the two protons increases, the
transition energy decreases where the decoupling may occur as
a result of increased distance between the two protons. At
infinite distance where the transition is pure CT, the transition
energy becomes zero. However, an opposing effect is the loss
of interaction energy with the dipole if negative charge density
moves away from the dipole for anions (Figure 4) and towards

Figure 4. Illustration of the blueshift caused by a dipole on the transition
energy of an anion. The binding energy of the dipole to the ion is different
in S0 and S1 as the charge distribution has changed. This blueshifting effect is
counterbalanced for HBDI by a change in the character of the electronic
transition to CT when a dipole is attached. The photon energy is hf.

the dipole for cations upon excitation. These two effects
counterbalance each other, which implies that the effect of a
microenvironment is limited. Importantly, the second effect
dominates over the first, the larger the degree of CT is in the
bare ion. Prominent examples are m-nitrophenolate and oxyluciferin that experience blueshifts of 0.3 eV and 0.2 eV,
respectively.[30] The latter ion is responsible for light emission
from various insects, covering yellow-green to red. On a relative
“CT scale”, HBDI is in between symmetric ions and the
oxyluciferin anion.
As the name says, GFP is fluorescent. However, the HBDI ion
loses its fluorescence when taken out of the protein, either in
solution[31–33] or in vacuo,[6] as a conical intersection via an
intramolecular twist motion quickly brings the ion from the
excited state back to the ground state.[17,34–36] At liquid nitrogen
temperatures fluorescence is reestablished in solutions,[31,32] and
it was recently shown that the exited state lives long enough to
potentially fluoresce in the gas phase when cooled to about
100 K.[8] The protein suppresses the twist on the excited-state
surface as it introduces a barrier along the coordinate because
of motional restriction, either due to steric constraints and/or
due to the strong electric field from the protein matrix as
suggested by Park and Rhee.[3] The twist motion is intimately
linked to CT from the phenolate oxygen towards the
imidazolinone ring after photoexcitation, which acts against the
direction of the electric field set up by the protein matrix. To
disentangle such field effects from steric effects associated with
limited space in the protein cavity, gas-phase spectroscopy is
ChemPhysChem 2018, 19, 1686 – 1690
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again a useful approach. Betaine introduces a strong electric
field that points in the correct direction from a protein point of
view while steric effects are clearly absent in the gas phase.
We subjected the betaine complexes to dispersed
fluorescence experiments using the newly built LUNA setup.[37]
Experiments on mass-selected ions were done at two different
excitation wavelengths within the absorption band (445 nm
and 487 nm), but no emitted photons were detected. Possibly,
the weakly bound complexes break apart under the harsh
conditions in the trap (RF heating). Experiments done with
lower RF voltages (no mass selection) also failed though the
strong intensity of bare ions entering the trap may limit the
storage capability of the complexes. A large problem is that we
cannot detect the ions stored in the trap and measure their
mass-to-charge ratios, which prevents optimizations. Reference
experiments were done on resorufin anions that emit light
when photoexcited.[38] Future work will be directed towards
better controlling the conditions under which we form and
isolate complexes, requiring instrument modifications.
In summary, we have presented a simple scheme to unravel
the isolated effect of a strong and almost unidirectional electric
field on the spectroscopic properties of the GFP chromophore
anion, from the attachment of a molecule that possesses a
large dipole moment (betaine). Despite an electric field of
about 70 MV/cm at the phenolate oxygen, the shift in electronic
absorption is only 0.08 eV, suggesting that the large electric
field from the protein matrix has limited effect on the
absorption. Nevertheless, the large field strength may be
relevant to prohibit charge transfer from the phenolate oxygen
to the imidazolinone ring, thereby preventing the twist motion
that shortens the excited-state lifetime and instead turning on
fluorescence in the protein. Experimental work to support this
idea is, however, still needed. Our results reveal that the degree
of CT that the GFP anion experiences upon photoexcitation is
less than that in other biochromophores such as the oxyluciferin anion.
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Supporting Information

Experimental Details
Photoinduced dissociation mass spectroscopy (sep1 setup): Briefly, HBDI and betaine were
dissolved in methanol and electrosprayed. All ions were accumulated in an octopole that was emptied
at a repetition rate of 40 Hz. After acceleration to 50-keV kinetic energies, the HBDI betaine
complexes were mass-selected by an electromagnet. The HBDI mass is 215 amu and that of betaine
is 117 amu, which results in a total mass of 332 amu of the complex. Every second ion bunch was

combined with an optical parametric oscillator). A hemispherical electrostatic analyzer (ESA) was
parked at one fragment ion mass, and the ions were counted by a channeltron detector. The
photoinduced signal was obtained as the difference between ‘laser-on’ and ‘laser-off’ signals. The
experiment was repeated with HBDI and betaine dissolved in acetonitrile with 1 percent in volume
of methanol.

Luminescence spectroscopy (LUNA setup): Ions produced by electrospray ionization were
pretrapped in an octopole that was emptied at a rate of 20 Hz. The ions were then fed into a
cylindrical Paul trap where one exit electrode is a mesh grid combined with an aspheric
condenser lens to allow for photon collection. The trap was filled with helium buffer gas to
thermalize the ions and store them in the center of the trap. Mass selection was done according
to the Mathieu diagram (proper DC and RF voltages on cylinder). After photoexcitation,
emitted light was collected and delivered to the entrance of a grating spectrometer equipped
with a detector array (Andor Technology). A notch filter (Thorlabs, 488 nm) was used to block
scattered laser light at an excitation wavelength of 487 nm while a 450-nm long-pass filter
was used for excitation at 445 nm. The setup was run in two different modes where
synchronization and timing was done with a labVIEW program. Mode 1: After each excitation
and light collection event, fresh ions were delivered from the octopole (keeping the old ions
in the trap) followed by mass selection. After (typically) 100 excitations, the ion trap was
emptied and background was measured for the same number of laser shots but with no ions in
the trap. The luminescence spectrum was obtained as the difference between the “ions-on”
and “ions-off” measurements. This cycle was repeated to accumulate statistics. Mode 2: Same

III

irradiated by a nanosecond laser pulse delivered by an 20-Hz EKSPLA laser (Nd:YAG laser

as Mode 1 except that the ion trap was never emptied. Background (due to detector noise and
stray room light) was here recorded with no laser light entering the trap for 100 laser cycles
(but with ions still in the trap). A mechanical shutter was used to block the laser light, in order
to avoid the power instability that would arise from repeated stopping and re-starting of the
laser. In a separate measurement, the spectrum of the scattered light due to the laser entering
the trap was recorded with no ions in the trap and subtracted from the background-corrected
spectrum. In other experiments, the RF voltage was lowered (no mass selection) to reduce RF

PID mass spectrum

Photoinduced dissociation mass spectrum of complexes between HBDI and betaine ( = 440 nm).
The dominant fragment is at m/z 215 corresponding to the HBDI ion.
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heating.
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Power dependence

The yield of HBDI formed after 470-nm photoexcitation of the HBDI betaine complexes as a
function of laser power (0 is laser off and 1 is maximum power).

4.3. Excited State Proton Transfer in GFP

Figure 4.2: Schematic illustration of the photocycle in the green fluorescent protein. The neutral state (A) of the chromophore is excited by
a 400 nm photon to the excited state (A∗ ). Excited state proton transfer
(ESPT) takes the chromophore into the I∗ state. From I∗ the chromophore
returns to the ground state (I), by emission of green light (509 nm). Once
reprotonated the photocycle can begin again. Figure from reference [99].

4.3 Excited State Proton Transfer in GFP
Extensive theoretical and experimental studies have been performed to
understand the photophysics of the GFP[92, 96, 99–105]. A four step
83
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model of the photocycle can be seen in Figure 4.2. The chromophore of
wild type GFP can exist in a neutral state (A) and in an anionic, deprotonated state (I). Fluorescence happens from a deprotonated (I∗ ) state,
which for the neutral chromophore is reached after excited state proton
transfer[100, 106]. Are these proton transfer properties intrinsic to the
chromophore? To answer that question, gas phase measurements on
dimolecular proton acceptor, proton donor complexes are required.

4.4 The Gas Phase Proton Transfer Model
System
In order to investigate excited state proton transfer from the chromophore
in the gas phase, a proton acceptor is complexed with HBDI through
a hydrogen bond to its phenolate oxygen. Different proton acceptors
have been investigated, such as chloride, deptrotonated heptanoic acid,
iodide and deprotonated tri-chloro acetic acid, Cl3 CCOO− (TCA− ). The
following will mainly focus on the results obtained from the experiments
using iodide and TCA− .
Structures of the two complexes are seen in Figure 4.3. The optimised
structures were calculated by Anastasia Bochenkova and Natascha W.
Persen using Gaussian (B3LYP//aug-cc-pZV)[107]. Both complexes have
the proton close to the HBDI, effectively neutralising it. These two acceptors were chosen because the carboxylic acid mimics amino acid residues
found in the protein and iodide has a mass comparable to TCA− , which
is an advantage in the fragment mass spectroscopy measurements as
explained in section 2.3.5. The complexes are easily formed by dissolving
synthesised HBDI in methanol before adding a tiny amount of TCA. TCA
dimer systems are easily formed and high concentrations of TCA actually
limit the complex ion current because the finite number of ions in the
multi-pole trap is limited by space-charge effects. Therefore, the ratio
84
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1.00 Å

2.42 Å
1

1.02 Å
1.54 Å

Figure 4.3: Optimised structures of the two HBDI model proton transfer
complexes. Structures were optimised using Gaussian (B3LYP/aug-ccpVZ). Top shows iodide complex, while bottom shows TCA− complex. In
both cases the proton is situated close to HBDI. Calculations were done
by Natascha W. Persen and Anastasia Botchenkova.
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Figure 4.4: DFT calculations on the proton transfer model systems,
HBDI− · H+ · · · I− . O-H distance is the distance between the proton and
the phenolate oxygen in the HBDI (the proton transfer coordinate) and
I-O distance is the distance between the phenolate oxygen in HBDI and
the proton acceptor, I− (dissociation coordinate). The ground state potential energy surface shows two distinct fragmentation channels related
loss of I− or HI. Loss of I− is the most energetically favoured dissociation
channel from the ground state.
of HBDI to TCA in the solution needs to be skewed heavily in favour of
HBDI. This is typically achieved by dissolving one grain of HBDI in 1.5 mL
of methanol and adding 2-5 drops of a preprepared TCA solution.

4.5 Theoretical Calculations
The ground state potential energy surfaces of the HBDI complexes were
also calculated using the Gaussian package[107]. For both complexes,
the energetically most favourable fragmentation channel is dissociation
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4.5. Theoretical Calculations

HBDI + I-

HBDI- + HI

HBDI + TCA-

HBDI- + TCA

Figure 4.5: Calculated potential energy curves for the proton transfer
coordinate of the two complex’ ground states. Left is iodide and right is
TCA− . The dashed curves indicate how S1 potentially looks in a photoacid.
The dots mark the energies of the states of protonation within the complex. The activation energy required for the complex to fragment from
either of the protonation state configurations is indicated as a horizontal
line above the corresponding dot. All energies are with respect to the
global minimum, including zero-point energy corrections. The grey areas
mark the continuum of dissociation out of the global minimum.

into neutral HBDI and anionic proton acceptor, as illustrated for the
HBDI and I− complex in Figure 4.4. The potential energy is plotted versus
the proton transfer coordinate (O-H Distance) and the fragmentation
coordinate (I-O Distance). The lowest energy fragmentation channel has
a short O-H distance, i.e. the proton is situated close to the phenolate
oxygen in HBDI. From a hot ground state there should be no proton
transfer, as the complex fragments into HBDI and TCA− /I− .
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To gain more insight, consider the scenario presented in Figure 4.5.
The energetics of the two complexes is considered with a scan of the
proton transfer coordinate (O-H distance). The dashed S1 curve not
calculated, it merely represents what an excited state might look like
in a photoacid. The two protonation states on the calculated ground
state potentials are shown as dots. The activation energy required for the
complex to fragment from both of the protonation-state configurations
is indicated as a horizontal line above the corresponding dot. The most
stable configuration of both complexes has a protonated chromophore.
It is also seen that the ground state potential-energy curve along the
reaction coordinate is more shallow for the TCA complex, compared
to that containing iodide. The shaded area indicates the dissociation
continuum when fragmenting from the most stable, protonated-state
configuration. For iodide, the unstable configuration of HBDI− + HI has
its minimum energy within the fragmentation continuum of the stable
configuration and will thus never be reached through thermal activation.
The proton will simply never transfer as the complex will dissociate before
proton transfer takes place.

From S1 , the main competing de-excitation channels are: 1) Direct
dissociation out of S1 and 2) Internal conversion into a hot ground state.
Assuming the photoacidic shape of S1 shown in Figure 4.5 direct dissociation of the complex from S1 leads to a final product with an anionic HBDI. As the proton is transferred to the acceptor in the excited
state, internal conversion brings the chromophore into the unstable
HBDI− configuration. From this configuration the complex might dissociate or stabalise by transferring the proton back to the HBDI. Dissociation
from the hot ground state might occur from the unstable configuration
(leading to a final product with an anionic HBDI) or it might stabilise first
and dissociate from the neutral HBDI protonation state (leading to a final
product with an anionic acceptor).
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Figure 4.6: Illustration of the pump-probe scheme to measure the proton
transfer dynamics. After the complex is excited by a 400 nm photon it
transfers the proton to the acceptor. The anionic form of the chromophore can then absorb a 480 nm photon.

4.6 Experimental Schemes
The investigation of excited state proton transfer was split into three main
parts:
• Characterisation of the initial complex structure
• Determination of fragmentation pathways
and finally
• Investigation of the dynamics of the proton transfer process
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The first two parts where performed at the storage ring ELISA while
the last was performed at the storage ring SAPHIRA.
Characterisation of the initial complex structure relies on the fact
that wild type green fluorescent protein exhibits two distinct absorption
bands which are attributed to the two different protonation states of the
chromophore [100, 106]. Therefore, action absorption spectra of the complexes should reveal the initial position of the proton along the hydrogen
bond. Absorption of 400 nm corresponds to the neutral form and absorption of 400 nm corresponds to the anionic form. The calculations indicate
that the HBDI chromophore is neutral in both TCA− and I− complexes.
Once the initial position of the proton is determined, the second step
is to determine the final position, that is where the proton is located
after dissociation of the complex. If the final position is different after
photo-excitation, the proton must have transferred. The final position
is determined using the fragment mass spectrometry method described
in section 2.3.5. The fragment without the proton will be charged and
hence a scan of charged fragment masses will reveal the final position of
the proton after the complex has fragmented.
When both the initial and final position of the proton is known, the
dynamics of the system is investigated using a femto-second pump-probe
technique. Determining the time-scale of the proton transfer is essential
in order to recognise, whether or not the proton has transferred while
in the excited state. A pump-probe scheme that takes advantage of the
dual band nature of the neutral/deprotonated GFP chromophore was
developed. A schematic illustration of this scheme is seen in Figure 4.6. A
pump pulse at 400 nm excites the complex. In the excited state the proton
is (hopefully) transferred before the complex dissociates. A 480 nm probe
pulse can interact with the newly formed anionic chromophore. When
the delay between the pump and the probe is varied, a time-scale for the
formation of the anionic (i.e. deprotonated) HBDI can, in principle, be
directly measured.
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Figure 4.7: The action absorption spectra of the green fluorescent protein
(A), HBDI dimer (B), hydrogen bonded HBDI complexes with deprotonated heptanoic acid (X = CH3 (CH2 )5 ) (C), TCA− (Y = CCl3 ) (D) and iodide
(E). Protein absorption data from reference [94]. Dimer absorption data
from reference [21]. Heptanoic acid complex data measured by Natascha
W. Persen.
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4.6.1 Characterisation of the Initial Complex Structure
Action absorption spectra of different HBDI complexes are shown in
Figure 4.7. The top (A) shows the absorption by the green fluorescent
protein[94]. (B) shows the absorption from a HBDI dimer complex[21].
The remaining three panes show absorption from different HBDI complexes: Heptanoic acid (C), TCA− (D) and iodide (E). By comparison of
the absorption by the HBDI complexes to the dimer and protein spectra,
the protonation state in the given complex is inferred. HBDI complexed
with heptanoic acid (pane C) shows absorption at 455 nm indicating an
anionic HBDI. Conversely, TCA− and iodide complexes both absorb at
400 nm indicating netural HBDI. In both the iodide and TCA− case, the
proton is sitting closer to the HBDI, effectively neutralising it in the complex as predicted by the calculations.

4.6.2 Determination of Fragmentation Pathways
Following absorption of a single 400 nm photon, the HBDI− · H+ · · · Z−
complex can dissociate through one of two channels:
HBDI · H · · · Z − → HBDI · H + Z −
−

−

HBDI · H · · · Z → HBDI + Z · H

(4.1)
(4.2)

Where Z in this case can be either I or TCA. At the ELISA storage ring,
fragment mass spectroscopy was performed by using the entire ring as
an electrostatic analyser, as describe in section 2.3.5. Figure 4.8 and 4.9
shows the fragment mass spectra obtained for HBDI− · H+ · · · TCA− and
HBDI− · H+ · · · I− respectively. Three broad peaks are seen at m/z 105118, 137-166 and 201-230 for the TCA− complex while only two peaks at
m/z 118 and 210 are seen for the iodide complex. Since the complex is
expected to fragment along the weak hydrogen bond, assigning two peaks
as HBDI− (215 m/z) and Z− (161 m/z for TCA− and 127 m/z for iodide)
seemed plausible. The last peak in the TCA− complex spectrum (117
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Figure 4.8: The fragment mass spectrum of HBDI− · H+ · · · TCA− taken at
the ELISA stora ring. Three distinct peaks (blobs) with maxima at ∼ m/z
117, 158 and 211.
m/z) could not be assigned, although chlorine 37 isotope measurements
revealed it contains all three chlorine atoms.
Furthermore, power dependence measurements were performed on
the complexes to verify the photon dependencies. Fragmentation of the
complex is a one photon process at 400 nm for both iodide and TCA−
complexes as seen by the linearities in Figure 4.10 (A and B). The 117
m/z peak (C) also has a linear photon dependency consistent with a one
photon process.
Because the mass resolution in the ring setup is, in lack of a better word; horrendous, high-resolution fragment mass spectra where
obtained at SEP1, a single pass experiment that uses an electrostatic
hemispherical analyser[85, 86].
Two different types of measurements were made at SEP1. First, frag93
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Figure 4.9: The fragment mass spectrum of HBDI− · H+ · · · I− taken at the
ELISA stora ring. Two distinct peaks are seen with maxima at ∼ m/z 118
and 210.

ment mass analysis of the collisionally heated, meta-stable ions from
the ion source (CiD). Second, photo-induced dissociation (PiD) of the
complex excited at 430 nm. The SEP1 spectra can be seen in Figure 4.11
on the following page. The meta stable ions primarily fragment into the
single lowest energy channel HBDI· H + TCA− , yielding almost exclusively
fragments of 161 m/z. This is in agreement with the calculations.
The PiD spectrum, on the other hand, shows three distinct peaks at
(m/z): 117, 161 and 215. While the fact that TCA− (Cl3 CCOO− ) fragments
to give CCl−
3 (117 m/z) and CO2 is interesting in its own right, it is beyond
the scope of this work. There is, however, still some comments connected
to this. The formation of CCl−
3 is a one photon process, which could indicate a subsequent fragmentation after the complex has fragmented into
HBDI and TCA− . It will be discussed in the following section regarding
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Figure 4.10: Photon dependency measurements of HBDI complexed with
Iodide (A), TCA− (B) and the PD of the 117 m/z peak (C). Excitation from
a 400 nm photon. The linear dependencies correspond to one photon
processes in all three cases.

the dynamics of the complex and the femto-second pump-probe setup.
The predominant peak in the PiD spectrum is the TCA− (161 m/z)
peak, the lowest energy channel for fragmentation. The interesting
novelty is the HBDI− (215 m/z) peak. Following absorption of a single
430 nm photon, fragmentation of the photo-excited complex yields either
−
TCA− (with some subsequent fragmentation into CCl−
3 ) or HBDI . In or−
der for the complex to fragment into HBDI , the proton is required to
have moved from the chromophore, where the spectroscopy showed it
initially was located, to the acceptor. Whether this proton transfer happens in the excited state or following a return to an internally hot ground
state is, however, not illuminated in these measurements. To answer this
question an ultafast femto-second pump-probe experiment scheme is
devised at the storage ring SAPHIRA.
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Figure 4.11: The fragment mass spectrum of HBDI− · H+ · · · TCA− . The
top shows the collision induced fragmentation and the bottom shows
photo-induced fragmentation at an excitation wavelength of 430 nm.

4.6.3 Investigation of the Dynamics of the Proton
Transfer Process
Multiple complicated steps are involved in the investigaion of the dynamics of the proton transfer within a HBDI− · H+ · · · Z− complex. Previous gas-phase measurements showed, that when the none-complexed
HBDI− chromophore is photo-excited, it undergoes fast internal conversion, involving a trans-cis isomarization, which takes it back to the
ground state on a pico-second time-scale[44]. Isolated in vacuum, the
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chromophore cannot get rid of the energy and the chromophore will fragment on a statistically determined time-scale. In the case of single photon
absorption, the gas-phase statistical dissociation time-scale is on the order of seconds and in competition with radiative cooling; this means
there is no fragmentation action to measure! Once the chromophore is
back in the ground state, it can absorb a second photon, which further
increases its internal energy beyond a point, where delayed statistical
fragmentation happens on a sub milli-second time-scale, as discussed in
section 2.7. That is:
A single photon at 480 nm (the S 1 ← S 0 resonant energy)
is not enough to cause measurable action in the HBDI−
monomer, whereas absorption of two 480 nm photons
is!
How does all this relate to measuring the dynamics of proton transfer
within the complex, you may ask? As the storage ring measurements rely
on action it is important to be able to disentangle different contributions
to the measured signal. From power dependence measurements it was
determined that a single 400 nm photon is sufficient to cause fragmentation of the HBDI complexes on a time-scale shorter than 20 µs, but there is
not enough energy for the HBDI to fragment (this requires an additional
photon). This fact is exploited to disentangle complex fragmentation
from HBDI fragmentation. That is:
Delayed statistical fragmentation of the HBDI chromophore only happens after the chromophore has absorbed two photons and this is the desired pump-probe
action signal.
Well, how is this used determined the dynamics of a proton transfer?
The spectroscopic measurements show that only neutral HBDI absorbs at
400 nm, while free HBDI− absorbs at 480 nm. The 400 nm pump pulse is
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absorbed and breaks the complex. After a variable delay a 480 nm probe
excites the free HBDI− once the proton has departed, which then statistically fragments on a longer time-scale.
By measuring the delayed fragmentation of the HBDI−
while varying the delay between the pump and probe, a
direct measurement of the formation of anionic HBDI−
is achieved.

4.7 Trouble in Paradise
Figure 4.12 shows a proof-of-concept measurement of HBDI− · H+ · · ·
TCA− with a 400 nm+480 nm pump-probe scheme and a 100 ps delay. The
blue curve is the pump+probe signal. The red curve is the pump signal.
The yellow curve is the probe signal. The purple curve is the LaserOff
signal and the black curve is the signal curve of ’pump+prob’ - ’pump’ ’probe’. One does not have to be Ernst Lubitsch to realise something is
amiss, as this measurement yielded no delayed action. Initial ideas as to
why no signal was seen include:
• Timing was wrong, delay not long enough
• Not enough energy retained in the chromophore to statistically
dissociate on a time-scale short enough to cause detectable action
• Pump-probe scheme is wrong
Additional experiments addressing these ideas were conducted in
order to identify the problem. The absorption experiments at ELISA gave
an upper limit to the fragmentation time-scale of 20 µs. 20 µs is the time
at ELISA from the ions are irradiated until they reach the first electrostatic
bending elements. As no action signal was seen on the MCP detector,
only on the SED detector, it can be concluded that all the complexes have
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Figure 4.12: MCP data of initial test measurement of HBDI− · H+ · · · TCA−
with a pump-probe scheme of 400 nm+480 nm and a long delay. The blue
curve is the pump+probe signal. The red curve is the pump signal. The
yellow curve is the probe signal. The purple curve is the LaserOff signal
and the green curve is the signal curve of ’pump+prob’ - ’pump’ - ’probe’.
No delayed action is observed.

already fragmented before they reach the first bending electrode. While
our optical setup cannot produce such large delays, it can go as high as
800 ps, which yielded no delayed action either.
To investigate the presumption that enough energy remains in the
HBDI− after fragmentation of the HBDI− · H+ · · · TCA− , calorimetric calculations are pursued. But first, attention is directed to the fragment mass
spectrum of HBDI− · H+ · · · TCA− , Figure 4.11 bottom on page 96. The
fragmentation of TCA− (the appearance of the CCl−
3 peak), indicates that
at least some energy is transferred to the acceptor side of the complex.
A crude model to accommodate this could be that the photon energy is
split evenly between the two fragments. This crude model is investigated
with calorimetric calculations.
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4.7.1 Calorimetric Calculations
For any given molecule, the time-scale for statistical fragmentation as
a function of molecular temperature can be estimated by an Arrhenius
type fit, equation 2.12 on page 33. Experimental values for the front
factor, A, and activation energy, Ea , for HBDI− have been determined
by Bochenkova and Andersen[56] and the resulting relation between
statistical fragmentation time-scale and emission temperature was shown
in section 2.7 Figure 2.10.
In the case of the TCA - complex, the proton acceptor is expected to
obtain some of the energy from the initial photon and according to our
crude model, half of the first photon’s energy remains in the HBDI− after
fragmentation of the complex. The second photon is absorbed by the
HBDI− and thus the chromophore keeps all the energy from that. The
additional energy added to the HBDI− following our pump-probe scheme
using 400 nm + 480 nm thereby becomes

∆E HBDI− =

3.10 eV
+ 2.58 eV = 4.13 eV
2

(4.3)

plus the initial thermal energy of ∼0.3 eV which gives a total energy of
4.4 eV. As a reference, isolated HBDI− following absorption of two 480 nm
photons has a total energy of 5.5 eV. The internal energy can be converted
to a molecular temperature (Figure 4.13) and the Arrhenius rate constant
fits, corresponding to statistical decay times, are determined to be 4 ms
and 0.2 ms for these energies. It is important to note that these statistical
decay times are not compared to the time-scales of the intramolecular dynamics, e.g. IC or fluorescence times as statistical fragmentation happens
in the ground state after IC.
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Figure 4.13: Calorimetric calculations of the micro-canonical temperature of a HBDI− as a function of internal energy, drawn are the energies
corresponding to 480 nm + 480 nm, 400 nm/2 + 480 nm og 430 nm/2 +
430 nm.
Table 4.1: Overview of HBDI energies of different experimental schemes
Sample
Photon scheme
Total Energy Te (K) stat. decay time
HBDI−
480 nm + 480 nm
5.5 eV
1298
0.2 ms
∗
TCA HBDI 400 nm + 480 nm
4.4 eV
1080
4 ms
∗
TCA HBDI 430 nm + 430 nm
4.6 eV
1120
2 ms
∗
These calculations refer to the complexed HBDI. Therefore the total
energy is half the photon energy from the first photon + full photon energy
from the second photon. Statistical decay times are read from Figure 2.10
once the temperature is known.
While there is a factor of 20 difference between the statistical decay
times of the isolated HBDI− and HBDI− from the complex, 4 ms should
still be fast enough that it out-competes radiative cooling and we still
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Figure 4.14: Chemical structure of the red fluorescent protein model
chromophore (RFP). With its longer sidechain on the imidazolinone ring
the entire absorption spectrum is redshifted[108].

ought to see action. Furthermore, the fragment mass spectrum done at
430 nm revealed a small peak at 200 m/z (subsequent fragmentation of
HBDI). Unfortunately, when these data where acquired this peak did not
seem of great importance and no power dependence measurement exists
for this peak. But if this is a two photon (and not a 3 or more photon)
subsequent fragmentation, it indicates that internal energy is not the
issue as the energy difference between 430 nm∗ + 430 nm and 400 nm∗ +
480 nm is small in our crude model, see Tabel 4.1.
In an attempt to introduce more energy into the system, the laser
timing was moved to the first revolution in the ring, essentially downgrading to a single pass experiment. As the ions leave the trap they might
be collisionally heated. By firing the laser as early as possible, the ion
bunch may thus have ions with more internal energy. This did not yield
any signal for the 400 nm + 480 nm pumpe-probe scheme.
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4.7.2 Fixing the Pump-Probe Scheme

While the free HBDI− indeed has a maximum absorption cross section
at 480 nm the complexed HBDI− does not. In fact, as Figure 4.7 B and C
shows, the absorption cross section of the complexed HBDI− decreases
rapidly for photon wavelengths above 460 nm. So, if HBDI− indeed stays
complexed to the proton acceptor following the proton transfer, the correct probe wavelength is, in fact, 455 nm. The 480 nm + 480 nm scheme
essentially probes the dissociation time-scale of the complex, which is
not what is intended. Unfortunately, to generate light at 455 nm the TOPAS switches region from (SFS) to (FHI) which has a factor 100 less laser
pulse energy, see Figure 2.6 in section 2.4.2, which is simply too low for
the experiment.

An attempt to circumvent this issue was made by using an alternate molecule, the model chromophore of the Red Fluorescent Protein
(RFP), see Figure 4.14. Similar in structure to the HBDI, the elongation
of the conjugated system results in a redshift of the entire absorption
profile[108]. Similar to how the shorted conjugated system in the retinal
case blueshifted the absorption. As the hydrogen bond to the TCA− is on
the phenolate, changing the sidechain of the imidazolinone ring should
affect the complex very little. Using this "modified gfp chromophore"
the initial pump-probe scheme of 400 nm + 480 nm could, once again,
be correct. Figure 4.15 shows that not only does the pump dissociate
the complex, but the probe single-handedly does as well. The modification of the chromophore also shifts the absorption profile of the neutral
state, therefore, 400 nm + 500 nm was tried, but this also yielded no result.
This could possibly be explained by the 500 nm probe introducing even
less energy into the system thus increasing the statistical fragmentation
time-scale even further.
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Figure 4.15: The pump-probe experiment of TCA− complexed with RFP.
Both 400 nm pump and 480 nm probe result in dissociation of the complex.

4.7.3 The Hail Mary Pass
A last effort to determine if the proton transfer indeed happens in the
excited state was attempted by measuring the ground state recovery
time[44] of protonated HBDI in the complex. By using 400 nm as both
pump and probe a signal would only be measured if the protonated HBDI
returned to the ground state without transfer of the proton. A signal in
this setup would suggest the proton transfer does not happen in the
excited state.
Figure 4.16 shows the pump-probe signal as a function of pump104
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Figure 4.16: The pump-probe experiment of TCA− complexed with HBDI.
Both pump and probe is tuned to 400 nm in order to measure the ground
state recovery of the neutral HBDI. The negative signal is an effect of both
pump and probe fragmenting the complex. When both are on, the ion
beam is depleted and the signal from pump+probe is less than the sum
of the individual pump and probe cycles.

probe delay. When the delay is shorter than the ground state recovery
time, the chromophore is still in the excited state when the probe arrives.
By increasing the delay the chromophore has time to return to the ground
state where it can absorb the probe photon. As the figure shows the data
is not very convincing. One might argue that if you tilt your head and
squint your eyes the signal is lower at shorter times and grows at times
greater than 4000 fs. Unfortunately, this is not feasible to confirm with
the way the experiment is currently running.
While the dynamics measurements proved somewhat unsuccessful,
the absorption- and fragment mass measurements were successful. The
inherent proton transfer properties of the HBDI chromophore are un105
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deniable and the involvement of the excited state is also apparent.
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CHAPTER

5

C ONCLUSION AND OUTLOOK
5.1 Conclusion
In this project I have carried out experiments on two different biomolecular chromophore systems. The investigations have focused on the spectral changes caused by single perturbations and intrinsic excited state
dynamics. Taking one step closer to uncovering the properties of the
chromophores and the effects of different protein interactions.
For the protonated Schiff base retinal it was shown that although the
absorption spectra of 11-cis and all-trans PSBR are qualitatively the same
in the visible region, the UV spectra differ significantly, which is in good
agreement with calculations.
Two different models were used to modulate the S1 ←S0 transition.
Firstly, the shortened retinal derivatives show blueshifted absorption. The
size of the blueshift increases as the length of the conjugated system de107
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creases, an effect also shown by Rajput et al.[75]. Secondly, by interaction
with a strong dipole, the absorption spectrum of the chromophore is also
blueshifted, illuminating the charge transfer character of the transition.
Both effects could be present in the protein and modulate the intrinsic
absorption.
Moreover, the work done on the excited state dynamics of the different retinal isomers show a bias in their intrinsic properties. Following
photo-excitation, the 11-cis form is inherently fast with a virtually barrierless decay of 400 fs. The all-trans form has a barrier-controlled decay of
3 ps. The fast photo-response of visual receptors is directly linked to the
properties of the 11-cis PSBR isomer, whereas the bacterial rhodopsins
specifically perturb the excited state surface of the all-trans, lowering the
barrier in order to change the time-scale of the isomerisation. Funnily,
this essentially the direct opposite of the green fluorescent protein, where
the protein increases excited state lifetime of the chromophore, which
enables the fluorescence.
In the case of HBDI, the tunability of the S1 ← S0 transition was investigated using a strong dipole. The effect of a dipole on the transition
energy is minimal, while the protonation degree of the chromophore
has a large effect. Furthermore, attempts to turn on the fluorescence
with a strong electric field proved unsuccessful, although a number of
experimental reasons could be to blame.
The work concerning the intrinsic excited state proton transfer properties of HBDI was done in stages. The initial proton position along the
proton transfer coordinate was determined by measuring the absorption
spectra of HBDI proton acceptor complexes. For the two test systems,
iodide and TCA− , both absorption spectra revealed neutral HBDI in the
complex. Fragment mass spectroscopy was utilised to determine the final
position of the proton and thus the ground work for gas phase proton
transfer from the HBDI chromophore has been laid. This does not exclude the possibility of an intrinsic excited state proton transfer property
in the HBDI. Certainly, a comparison of the collision induced and the
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photo-induced fragmentation spectra reveals, that somehow the excited
state is involved in the proton transfer.
Determining the dynamics of the proton transfer proved to be quite
challenging. The initial idea was; while the neutral chromophore in the
complex absorbs at 400 nm, only when the proton has been transferred
can a 480 nm photon be absorbed by the newly created HBDI− . Thus
by varying the delay between the 400 nm and the 480 nm, the formation
of the HBDI− can, in principle, be directly measured. While carrying
out these experiments I ran into a number of issues. Firstly, problems
started due to the fickle nature of the electrospray ion source, as the old
source installed at SAPHIRA for some reason was not able to produce
high ion currents of the HBDI complexes. After a new source was installed
experiments started getting under way. The first attempt was the scheme
of 400 nm plus 480 nm which yielded no signal. Considerations where
given to the internal energy and the fragmentation time-scale of the
isolated HBDI− , but calorimetric calculations on a crude model indicates
that internal energy should be sufficient.
The second attempt involved changing the pump-probe scheme, as
the complex might not break apart even after proton transfer. If the
complex does not break apart, the single hydrogen bond will tune the
spectral properties of the HBDI− to such a degree that a 480 nm photon
is off resonance. Unfortunately the correct photon wavelength of 455 nm
is unavailable from our TOPAS system at usable laser pulse energy. In an
attempt to circumvent the unfortunate TOPAS tuning curve, complexes
with the red fluorescent protein model chromophore were investigated.
The longer sidechain, compared to HBDI, redshifts the entire absorption
spectrum in such a way that it matches the 400 nm plus 500 nm pumpprobe scheme. Unfortunately this yielded no result either.
In a last ditch effort, attempts where made to measure the ground
state recovery time of the HBDI-TCA− complex. By pumping and probing
at 400 nm, a signal should be measured only in the case where the proton
is in fact not transferred and the neutral chromophore returns to the
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ground state while in the complex. These measurements also proved
inconclusive.
The data presented in this thesis show that the proton is indeed transferred with some involvement of the excited state. But whether the excited
state proton transfer properties are inherent to the chromophore is still
unresolved.

5.2 Outlook
Three years of Ph.D. study is a short time on an experimental physics
time-scale. While I feel like I have accomplished much in the three years,
there are still many experiments and technical improvements I would
like to do.
A general technical improvement would be some way of mass selection prior to the bunching of the ions in the multipole trap. Because the
maximum number of ions in the multipole is limited by space-charge
effects pre mass selection would greatly increase the ion current of a
selected ion. This is especially nice for complex systems, where the there
is a lot of none complexed ions in the solution as well.
Specifically in the PSBR case; now that the intrinsic dynamics of the
isomers have been determined. Perhaps by adding a single perturbation, such as dipole or hydrogen bond, the excited state barrier could be
changed along with the excited state lifetime. Perhaps gas phase fluorescence could even be induced.
For the proton transfer dynamics measurements of HBDI, obviously
a serious increase in femto-second laser power at 460 nm would be great.
Alternatively a more ambitious approach would be to do a 3-photon
pump-probe-probe experiment. In this type of scheme one could completely eliminate the internal energy consideration. Additionally, a fun
experiment would be to measure the excited state lifetime of the HBDI−
betaine complex. If the fluorescence is indeed turned on by the interac110
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tion with the electric field, the excited state lifetime should be considerably longer than the isolated HBDI− lifetime of 3 ps.
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CHAPTER

6

M Y C ONTRIBUTIONS
Beyond the scientific research I have maintained the ELISA and SAPHIRA
laboratories, including but not limited to: General troubleshooting, changing of oil on pre-pumps, laser systems, and the installation of a new ion
source at SAPHIRA.

Paper I: ”The UV-visible action-absorption spectrum of
all-trans and 11-cis protonated Schiff base retinal in the
gas phase”
For this paper I have obtained all the data (with technical help from Hjalte
and Lars). Furthermore, I have done the data analysis and prepared the
figures. I have written the text in collaboration with Lars, Hjalte and
Anastasia.
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Paper II: ”Intrinsic photoisomerization dynamics of
protonated Schiff-base retinal”
For this paper I have obtained the data in collaboration with Hjalte, Elisabeth and Lars. Furthermore, I have participated in discussions for the
paper and proofread the text.

Paper III: ”The Effect of an Electric Field on the
Spectroscopic Properties of the Isolated Green
Fluorescent Protein Chromophore Anion
For this paper I have obtained the data in collaboration with Steen and
Christina. Furthermore, I have participated in discussions for the paper.
I have helped write the text in the later stages of the writing process.

Paper IV: ”Action and Ion Mobility Spectroscopy of a
Shortened Retinal Derivative”
For this paper I have obtained, in collaboration with Yoni, Lars and Hjalte,
the ELISA data which are presented in the thesis. I have proofread the
text.

Paper V: ”Counterion-controlled spectral tuning of the
protonated Schiff-base retinal”
For this paper I have obtained the ELISA data which are presented in the
thesis in collaboration with Yoni, Elisabeth and Lars. I have discussed the
results, data analysis and proofread the text.
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Abstract. The development of tandem ion
mobility spectroscopy (IMS) known as
IMS-IMS has led to extensive research into
isomerizations of isolated molecules. Many
recent works have focused on the retinal
chromophore which is the optical switch
used in animal vision. Here, we study a
shortened derivative of the chromophore,
which exhibits a rich IM spectrum allowing
for a detailed analysis of its isomerization
pathways, and show that the longer the chromophore is, the lower the barrier energies for
isomerization are.
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Introduction

E

very known form of animal vision relies on one particular
chromophore—the retinal protonated Schiff base (RPSB)
shown in Fig. 1a, as its photon detector [1, 2]. The Bmonopoly^
RPSB that has over vision raises the question of whether its
intrinsic properties are ideally suited for use as a photon detector. In answering this question, one would like to know how the
absorption band, the photo-isomerization efficiency and the
dark-count rate are effected by the structure of the molecule.
For example, it is well known that the longer the length of a
conjugated chain within the chromophore, the more red shifted
its absorption band is. One also expects molecules containing a

Electronic supplementary material The online version of this article (https://
doi.org/10.1007/s13361-018-2033-8) contains supplementary material, which
is available to authorized users.
Correspondence to: Yoni Toker; e-mail: yonitoker@gmail.com

longer conjugated chain to be less rigid. The rigidity of a
molecule, set by the internal barrier heights for isomerization,
is important as it determines the rate of thermal isomerizations,
which, in the case of the RPSB, leads to dark counts. Nevertheless, while one can approximate the effect of charge delocalization on the electronic absorption band using simple
models, there is little known about how internal barrier energies
depend on structure.
In recent years, developments in ion mobility spectrometry (IMS) and tandem IMS approaches (also known as
IMS-IMS) have made it possible to directly observe isomerizations of isolated molecular ions and infer the barrier
energies for isomerizations, making it possible to study
how the rigidity of a molecule depends on its precise
structure. We have previously applied the technique to
RPSB [3] and to several of its derivatives [4], showing
that minute chromophore structural changes, while not
changing its electronic absorption, and can have a dramatic
effect on its ground state potential energy surface.
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Here, we present a study of a shortened RPSB derivative,
shown in Fig. 1b, which we denote as PSB1. Using action
spectroscopy, a technique described in the BAction Spectroscopy in ELISA^ section, we show that its visible absorption is
blue-shifted (see BElectronic Absorption^ section). We briefly
describe the IMS-IMS technique in the BIMS-IMS^ section. In
the BIMS Source Distribution^ section, we discuss the source
distribution of PSB1 which is shown to be richer in detail than
that of the RPSB, allowing for a more detailed analysis of its
isomerization pathways, providing insight into the recent IMSIMS studies of the RPSB [3, 4]. Using IMS-IMS, we measure
the internal barrier energies for isomerization of PSB1 and
demonstrate that they are considerably higher than that of the
RPSB. We then proceed to study the fragmentation pathways
and the quasi-equilibrium distribution of PSB1.

Experimental
Action Spectroscopy in ELISA
The electronic absorption by the PSB1 derivative were studied
in the electrostatic ion storage ring in Aarhus (ELISA). The
setup is described in detail in [5, 6]. Briefly, a solution of PSB1
in methanol is used in an electrospray ion source. The ions are
accumulated in a radio-frequency ion trap, and then extracted,
accelerated to a kinetic energy of 22 keV, mass-selected using a
magnet, and injected into ELISA. Within ELISA, the ions are
confined in a Brace-track^ orbit. Thus, the ions are stored for
tens of milliseconds, before being photo-excited by a pulsed
laser system (EKSPLA 3NT232-50-SH-SFG). Neutral fragments resulting from photofragmentation are no long confined
by the ring and are counted by particle detectors. The yield of
photofragments is then counted as a function of laser intensity
and of laser wavelength.

IMS-IMS
The barrier energies for isomerization by the PSB1 derivative were measured in the 2-m IMS-IMS-MS instrument in
Indiana University. IMS consists of pulsing a bunch of ions

into a drift tube in which the ions are pulled by an electric
field (typically ≅ 10 V/cm) and undergo collisions with a
buffer gas (typically helium or nitrogen at pressures of 1–
10 Torr). Different isomers of a given molecular ion have
different collisional cross sections and thus drift at different
velocities. By extracting the ions at the exit of the drift tube
into a mass-spectrometer, one can measure the mass, and
the drift time distribution for each ionic species. The drift
times can then be converted into collisional cross sections
through the Mason-Schamp equation [7, 8] and compared
with calculated cross sections of the different isomers. Thus,
the distribution of isomers produced in the ion source is
measured, and the measurement is known as a source distribution measurement. Under gentle ion source conditions
(i.e., if the ions are not activated within the ion source, for
example due to high electric fields), the source distribution
is reflective of the distribution of isomers in the solution
from which the ions are sprayed [9].
The IMS-IMS technique, which was described in great
detail in previous works [8, 10], consists of coupling two
drift tubes with an activation region in between. Briefly, the
initial ion bunch enters the first drift tube, where the ions
separate based on their unique mobilities. A pair of electrostatic grids, positioned at the exit of the first drift region, can
be used to selectively gate a specific mobility of ions into a
subsequent activation region. By applying an activation
voltage V act between two grids, one can heat the ions
through energetic gas collisions and the resulting isomer
distribution is then measured using the second drift tube
(known as Bselection and activation^ experiments). By
gradually varying Vact, one measures the threshold voltage
for each isomerization pathway (defined as the activation
voltage at which the population changes by 1%), from
which one can calculate the corresponding barrier energy
[10]. At high activation voltages, all isomerization channels
are available and the resulting IMS distribution is known as
the quasi-equilibrium distribution [11]. The quasiequilibrium isomer distribution is stable in the sense that it
does not depend strongly on the exact activation voltage (as
long as it is high enough) nor on the selection window.

IV

Figure 1. Structure of several of the RPSB derivatives discussed in this work: The all-trans isomer RPSB (a), all-trans isomer PSB1
(b), PSB2 (c), 8-member ring isomer of the RPSB (d), and 9,11-cis isomer of PSB1 (e)
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Theory

IMS-IMS

In order to assign the measured IMS peaks, we calculated the
equilibrium geometries of the different isomers of PSB1 based on
the PBE0 exchange correlation function [12] and the cc-pVTZ
basis set [13] within the QCHEM code [14]. From the DFT
equilibrium geometries, the collision cross section for the different
isomers were calculated using the MOBCAL program [15].

Next, we turn to the question of how the barrier energies for
isomerizations depend on the length of the conjugated chain
within the molecule. Up until recently, these types of questions
could only be answered through quantum chemical calculations, with the difficulty of locating transition states on the
complex potential energy landscape of the RPSB. With the
development of the IMS-IMS technique, it has become possible to determine relative energies of different structural features
and barrier energies experimentally.

Results and Discussion
Electronic Absorption
The electronic absorption band of the isolated RPSB, shown as
the dashed blue line in Fig. 2, consists of a wide band between
500 and 650 nm, which was first measured by the Andersen
group in the ELISA storage ring [16, 18]. Further, studies on
RPSB derivatives [16] have shown that by chemically locking
the angle of the beta-ionine ring within the RPSB at different
angles, the absorption becomes narrower, comprising of the red
or green part of the visible spectrum.
The Bieske group, using photoisomerization action spectroscopy (PISA), measured the absorption band separately for
the different IMS structural features [19]. They have also used
PISA to measure the absorption of a shortened RPSB derivative [17], shown in Fig. 1c, which we refer to here as PSB2. The
absorption band, shown by the green (square markers) line in
Fig. 2, is considerably blue-shifted and peaked at λ = 375 nm.
Here, we measured the absorption by PSB1 in ELISA and the
results are shown in Fig. 2. The absorption band is found to be in
between that of RPSB and PSB2, and peaked at λ = 468 nm.
Thus, there is an inverse correlation between the length of the
conjugated system within the chromophore and the absorption
wavelength. This trend can be explained by a simple free electron model (FEMO - also known as Belectron in a box^ model)
which is detailed in section A of the supporting information.

IMS Source Distribution
Figure 3 shows the source distribution of PSB1 compared with
that of the RPSB, which we measured before [3].
The RPSB being longer than PSB1 has a larger collisional
cross section (the highest cross-section peak of RPSB has a
cross section of 150 Å2, while that of PSB1 has a cross section

Figure 3. Source IMS distribution of RPSB (dashed green line)
compared with that of PSB1 (continuous blue line)
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Figure 2. Absorption band of PSB1 measured in this study compared with that of PSB2 and of RPSB which are reproduced from [16, 17]

L. Musbat et al.: Action and IMS Spec. of a Shortened Retinal Derivative

hundred different isomers. This can be explained partly by not
all isomers being produced in the ion source, and mainly due to
many isomers having similar collisional cross sections which
cannot be separated even in the current state of the art IMS
devices. Evidence for not all isomers being formed in the ion
source stems the appearance of new peaks in the IM spectra

IV

of 124.1 Å2), and therefore for comparison, we use the cross
section divided by the ions mass.
The source distribution of RPSB contains four discernible
peaks, which we label as A, B, X, and Y (as they were labeled
in [3]). The small number of structural features in the source
distribution of RPSB is surprising since the RPSB has over a
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Figure 4. The results of selection and activation measurements on the six peaks of PSB1
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when the ions are activated, as explained below. Evidence for
the second explanation can be seen in the IMS of PSB1.
The IM spectrum of PSB1 has six features, which are better
separated than in the case of the RPSB, even though the
chromophore being shorter has less isomers. This is surprising
since the source distribution of the even shorter PSB2 [17] is
similar to that of RPSB and contains only four peaks. One
possible explanation for the splitting of peaks A and B in PSB
is due to the barrier heights for isomerization being higher [20,
21] than in the case of the RPSB, as will be shown below.
The two dominant peaks in the source distribution of RPSB,
labeled A and B, were assigned to the all-trans isomer and
single-cis isomers in previous works [3, 22]. Here, we observe
four dominant peaks which we label as A1, A2, B1, and B2.
By comparing the measured cross section to calculated cross
sections (as explained at the theory section), we assign the A1
peak to the all-trans isomer, while the different single-cis isomers
have cross sections within the range corresponding to peaks B2,
B1, and A2. Isomers such as the one shown in Fig. 1e, in which
two cis isomerizations are spaced by a bond, have elongated
structures with collisional cross-sections which are slightly larger
than that of single-cis isomers, and fall within peak A2. This
means that probably such isomers also fall within the A peak of
RPSB, which has so far been attributed solely to the all-trans
isomer. Peaks E and F likely correspond to double-cis isomers
and cyclized derivatives similar to peaks X and Y of the RPSB.
It is interesting that the all-trans peak, A1, does not have the
highest abundance in the source distribution. This is probably
because its ground state energy is not considerably lower than
the single-cis isomers, in fact, as will be discussed below, we
did not measure a difference in ground state energy between the
four prominent peaks A1, A2, B1, and B2 (similar to what was
measured for RPSB [3, 4]). The larger abundance of the A2, B1,
and B2 peaks relative to A1 could be due to entropy as they
consist of a larger number of isomers.

Barrier Energy Measurements
The barrier energies for isomerization are important as they
determine the rate of thermal isomerizations, which in vision
lead to Bdark counts.^ Within the protein, the barrier energies
for isomerization have been studied intensively [3, 23–26], as
well as their correlation with the visible absorption of the
protein, a phenomenon known as the BBarlow Correlation.^
We are not aware of theoretical studies of the internal barrier
energies for isomerization in the gas phase, which are challenging due to the difficulty of locating transition states on an
unconstrained complex potential energy surface.
In previous works, we have applied IMS-IMS to the RPSB
showing that the barrier height for a single-cis isomerization is
considerably lower than the barrier energy within the protein [3].
We have also applied the technique to RPSB derivatives in which
the methyl group in position C9 or C13 is missing, and to a
derivative in which the Schiff-base is replaced by two methyl
groups [4]. We showed that these slight changes to the molecular
structure have a pronounced effect on the ground state potential

Figure 5. Threshold plots for several of the isomerizations of
PSB1

energy surface of the chromophore. For example, the barrier
energies for isomerization of the dimethylated RPSB derivative
a factor of ≅ 2 higher than for the RPSB.
In the present work, we have performed selection and activation measurements of each of the six peaks seen in the PSB1
source distribution (the peak assignment is detailed in Fig. S1 and
Table S1 of the supporting information), and the results are shown
in Fig. 4. Notably, in IMS-IMS, rather than using the whole 2 m
of the instrument for mobility measurements, we use the first 1 m
for separation and the second 1 m for analyzing the isomerization
products, and therefore, the resolution is lower. Thus, for example, after structure B1, we could not distinguish the isomerization
into structure A1 from isomerization into structure A2 and could
only provide a value for isomerization into both structures.
Figure 5 shows a few of the typical threshold plots. For
example, the blue line represents the population of the B

Table 1. Threshold activation voltages and derived barrier energies for the
different isomerization and fragmentation pathways measured in this work. The
fragmentation channel refers to fragmentation resulting in the m = 175 amu
fragment
Process

Vact (V) (± 5 V)

Barrier energy
(eV) (± 0.1 eV)

A1, A2 → B
A1, A2 → E
A1, A2 → F
B1, B2 → A*
B1, B2 → E
B1, B2 → F
E→A
E→B
E→F
F→A
F→B
E→E
A1, A2 → fragment
B1, B2 → fragment
E → fragment
F → fragment

100
90
110
80
90
75
75
80
80
85
60
60
160
160
140
110

1.1
1
1.2
0.9
1
0.8
0.8
0.9
0.9
0.9
0.7
0.7
1.7
1.7
1.5
1.2
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1.1 eV which are larger than the value of 0.65 eV measured for
the RPSB.

Fragmentation Pathways and the Quasi-Equilibrium
Distribution
Previous works have shown that the gas phase fragmentation
process of the RPSB involves a series of cyclization and a
Diels-Alder cyclization [27–29], leading to an intermediary
eight-member ring isomer on route to fragmentation. This
insight was based on the fact that the mass of the RPSB
fragmentation product does not correspond to breaking any
single bond within the molecule but does correspond to toluene
emission from the central portion of the chromophore, while
Btying^ together its both ends [27]. The structure of the charged
fragment was identified by the Bieske group using IMS [28],
who suggested a fragmentation mechanism which involves the
formation of an intermediary eight-member ring isomer enroute to fragmentation. This assignment was confirmed by us
using isotope labeling [29]. Furthermore, we found a correspondence between the quasi-equilibrium IMS distribution and
the fragmentation process [4]. In the case of retinal derivatives
which undergo fragmentation through cyclization, we find that
their quasi-equilibrium IMS distribution contains a large tail
towards low collisional cross sections, i.e., of compact isomers.
This is in accordance with the fragmentation mechanism occurring through cyclization as it involves the formation of
compact isomers. On the other hand, RPSB derivatives which
do not fragment through cyclization do not contain this feature.
These results suggest that isomerizations in general and the
quasi-equilibrium distribution in particular are key to understanding gas phase fragmentation.
In Fig. 7 the quasi-equilibrium distributions of PSB1 starting
from the different peaks is shown measured at Vact = 180 V.
Notably the distribution is similar regardless of the peak initially selected, with the exception of peak F in which a signif-

Figure 6. Schematic illustration of the energetics of PSB1’s ground state potential energy surface

IV

structures as a function of Vact, for the case of selection applied
to structure A2. The threshold activation voltage is defined as a
change in relative intensity of 1% of the peaks population.
Table 1 summarizes the activation voltages we find for each
isomerization pathway as well as the activation voltages for
fragmentation. Using the semi-empirical calibration introduced
by Pierson et al. [10] (which was performed on the same
instrument), Vact is translated into barrier energies, also shown
in the table. The errors given for the activation energy include
the error resulting from the Vact step and from the semiempirical calibration.
By comparing the fragmentation energy of the different
isomers, we determine the relative energies of the isomers.
This information, together with the barrier energies, is summarized schematically in Fig. 6. Notably, we have not found
differences in the threshold voltages for isomerizations between the closely lying peaks A1 and A2, as well as between
the B1 and B2 peaks. This may indicate that the peaks were not
completely separated upon selection. We find that the four
prominent peaks: A1, A2, B1, and B2, all have the same fragmentation energy and thus the same ground state energy. This
corresponds to our previous findings that peaks A and B of the
RPSB both have the same ground state energy. We found no
difference in the threshold activation voltages for between
isomerizations starting from A1 and those starting from A2.
Similarly, we found no difference in activation voltages for
isomerizations starting from B1 and B2. We find that the
isomerization from the A structures (A1 and A2) to the B
structures (B1 and B2) occurs at a higher activation voltage
than the opposite process. This indicates that there is an additional structural feature, which we denote by A* which is not
present in the source distribution. In comparison with the
barrier heights measured for the RPSB, we observe that the
barrier energy for fragmentation is 70% higher in PSB1. As for
the barrier energy for a single-cis isomerization, here, we see
different possible transitions which are in the range of 0.9–
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Section A - Free Electron Model Description of Optical Absorption
The free electron model (FEMO) also known as the 'electron in a box' approach is a simplistic model
which treats the pi-electrons within the molecule as free electrons - ignoring their repulsing and
quantum correlations, as well as the detailed geometry of the molecule which is taken simply as a one
dimensional box of length L. Under these assumptions the energy of each electronic state is given by:
(1)

𝑝𝑝2

𝐸𝐸 = 2𝑚𝑚 =

2𝜋𝜋 2 ℏ2
2𝜆𝜆2𝑒𝑒

Where p is the electrons momentum, m is its mass, ℏ is the Planck constant, and 𝜆𝜆e is the de-Broglie

wavelength of the electron. Taking 𝐿𝐿 =
(2)

𝐸𝐸𝑛𝑛 =

𝜋𝜋 2 ℏ2 𝑛𝑛2

𝑛𝑛𝜆𝜆𝑒𝑒
2

where n is the mode number. Then we find that:

2𝐿𝐿2

Let us denote by b the number of double bonds along the conjugated chain in the molecule, we assume
that L can be written as L = α∙b, where α is a constant. The highest occupied molecular oribtal (HOMO)
is that for which n = b, and the lowest unoccupied molecular oribital (LUMO) is that for which n = b +
1, and therefore the photon-energy, 𝜀𝜀 ph for the HOMO-LUMO transition is given by:
(3)

𝜀𝜀𝑝𝑝ℎ =

ℏ2 𝜋𝜋(2𝑏𝑏+1)
2𝑚𝑚𝑚𝑚2 𝑏𝑏

Using values of b = 6, 4, 3 for the RPSB, PSB1 and PSB2 respectively, peak absorption wavelength
values of λmax = 620, 468, 375 nm we arrive at a value of = 2.8 ±0.2Å which is reasonable since every
two double bonds are separated by a double bond and therefore one expects that the spacing be the
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sum of the length of a double bound ≅1.54Å, and a single bond ≅1.35Å.
Section B - Peak positions PSB isomers

Table S1. Cross-section range for the different isomers of PSB
Peaks
Peak A
Peak B
Peak C
Peak D
Peak E
Peak F

Cross-section range (Å)
123.1-127.8
119.8-123.1
117.4-119.8
115.1-117.4
111.8,115.1
108-111.8
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Figure S1: Definition of peak positions of isomers

H3C

CH3

CH3

+

NH

Table S2. xyz-coordinates of all-trans PSB
------------------------------------------------------------------------------------Standard Nuclear Orientation (Å)
I
Atom
X
Y
Z
--------------------------------------------------------------------------------------------1 N 11.4220115764 -3.2135522654 2.8229741034
2 C
4.1204985896 -3.1266382751 2.2555473161
3 C
3.8222073685 -4.4021632480 2.6363448845
4 C
3.0674400851 -2.1740861677 1.6695159019
5 C
2.4440559453 -4.9712435431 2.5048175878
6 C
1.8452020228 -2.9633460040 1.1899483587
7 C
1.3543800121 -3.9587331475 2.2152430224
8 C
3.6371311316 -1.4382842099 0.4516741358
9 C
2.6501749439 -1.1410876650 2.7222832341
10 C
4.8006447654 -5.3567750074 3.2445801913
11 C
5.4128226942 -2.5293395330 2.4498137005
12 C
6.6549700056 -3.0915348711 2.4578546964
13 C
7.8514340839 -2.3633792933 2.7025875518
14 C
9.0456801380 -3.0618344974 2.6320142978
15 C 10.3053458308 -2.5305458889 2.8874384301
16 C
7.7855662474 -0.9078851264 3.0332070260
17 C 12.7523167904 -2.6943411428 3.0998457292
18 C 13.6638171543 -2.7404626118 1.8846528849
19 C 15.0612746738 -2.2357998627 2.2140672781
20 C 15.9882949394 -2.2688880943 1.0111620840
21 H 11.3664952028 -4.1850082185 2.5477411325
22 H
5.3833750425 -1.4494696122 2.5648779112
23 H
6.7768421425 -4.1422249828 2.2320693835
24 H
8.9933368859 -4.1157905291 2.3748554516
25 H 10.4252311996 -1.4917306748 3.1733052253
26 H
2.4860525847 -5.7230651126 1.7021359019
27 H
2.2194475522 -5.5452678074 3.4089626742
28 H
1.0563933201 -2.2555950098 0.9224969586
29 H
2.1088085422 -3.4972982458 0.2703186195
30 H
0.4565950318 -4.4681982178 1.8609624644
31 H
1.0730635305 -3.4464936743 3.1388250186
32 H
4.0027465566 -2.1397378771 -0.3014325825
33 H
2.8546427928 -0.8302489305 -0.0078537162
34 H
4.4548918153 -0.7622014264 0.7096309468
35 H
1.9424615211 -0.4314552795 2.2880712933
36 H
2.1782891330 -1.6080149774 3.5877069452
37 H
3.5019121164 -0.5625168920 3.0874417868
38 H
5.3248157204 -5.9241473450 2.4676447745
39 H
5.5530313879 -4.8613754936 3.8574677866
40 H
4.2799062581 -6.0874086132 3.8639762153
41 H
7.2682013155 -0.3648182633 2.2394673457

CH3

CH3

IV

Section C - Cartesian coordinates for computed ions

42 H
7.2191234065 -0.7512672528 3.9532595289
43 H
8.7599077216 -0.4444803964 3.1594799319
44 H 12.6369747079 -1.6708177659 3.4609515541
45 H 13.1816819138 -3.2800917143 3.9182316998
46 H 13.7255580841 -3.7684065838 1.5101669077
47 H 13.2262337804 -2.1394622270 1.0813383980
48 H 14.9935989024 -1.2145637661 2.6031362402
49 H 15.4834720947 -2.8428621403 3.0215027321
50 H 15.6129227260 -1.6372600480 0.2028930420
51 H 16.9850887729 -1.9130060280 1.2733788675
52 H 16.0906292394 -3.2837944399 0.6202171461
-------------------------------------------------------------------------------------

Table S3. xyz-coordinates of 9-cis PSB
CH3

CH3

CH3

+

NH

CH3

IV

-------------------------------------------------------------------------------------H3C
Standard Nuclear Orientation (Å)
I
Atom
X
Y
Z
--------------------------------------------------------------------------------------------1 N 10.2826297323 -6.4366163961 2.7902359660
2 C
3.6836640312 -3.3057855221 2.4781651588
3 C
3.0246964461 -4.0252971952 3.4309845790
4 C
2.9487349974 -2.4096896794 1.4674237769
5 C
1.5336277792 -4.1115326845 3.4671619108
6 C
1.4527655429 -2.3186853075 1.7900270867
7 C
0.8576657561 -3.6488446690 2.1959670283
8 C
3.1424435029 -2.9804300682 0.0576227687
9 C
3.5012658085 -0.9796490142 1.5032805816
10 C
3.6783342054 -4.7504349063 4.5617513662
11 C
5.1141991100 -3.3045401472 2.3466615238
12 C
6.0114804956 -4.2835262089 2.6581552405
13 C
7.4100493424 -4.1767783068 2.4320828079
14 C
8.1887404449 -5.2880515488 2.7135602650
15 C
9.5659919156 -5.3687910430 2.5371841996
16 C
7.9851995180 -2.9050229015 1.8967575063
17 C 11.7155977255 -6.5677530536 2.5760533681
18 C 12.0451501578 -7.5818749580 1.4925594304
19 C 13.5468980121 -7.7461424825 1.3070002468
20 C 13.8895034984 -8.7524582521 0.2218270821
21 H
9.8006305901 -7.2616854068 3.1214303916
22 H
5.5189204845 -2.4256219504 1.8561217641
23 H
5.6634053807 -5.2316987607 3.0472022148
24 H
7.6831668355 -6.1717370018 3.0919370354
25 H 10.1313212172 -4.5198305991 2.1700714151
26 H
1.2640701155 -5.1446926700 3.7160419958
27 H
1.1830624564 -3.5193525304 4.3242831271
28 H
1.3051197208 -1.6037174509 2.6072629206
29 H
0.9374582693 -1.9033831150 0.9203712662
30 H
1.0032390320 -4.3902316051 1.4055740801

Table S4. xyz-coordinates of 9,11-cis PSB

H3C

------------------------------------------------------------------------------------Standard Nuclear Orientation (Å)
I
Atom
X
Y
Z
--------------------------------------------------------------------------------------------1 N
7.6686735576 -9.5328028278 2.2706130014
2 C
3.2037167427 -4.2041392603 2.2136784908
3 C
4.3056248715 -3.3566607927 2.0711027304
4 C
1.7207491499 -3.6164148561 2.2616510291
5 C
4.1495366037 -1.7895999757 1.9660011513
6 C
1.7140801113 -2.0865565610 2.6809600085
7 C
2.6675576997 -1.2990517504 1.7010901650
8 C
1.0587198924 -3.7824492758 0.8183255197
9 C
0.8333329261 -4.4091865960 3.3329385742
10 C
5.7804411249 -3.8685009293 2.0183429650
11 C
3.2748566877 -5.7301717974 2.3358337614
12 C
4.3606173696 -6.5662039685 2.1087282694
13 C
4.1915526153 -8.0679383239 2.2934411541
14 C
5.2390532912 -8.9877207139 2.2398696156
15 C
6.6894863327 -8.6371068638 1.9992012761
16 C
2.7682662007 -8.6644763703 2.5795704915
17 C
8.4678066165 -10.8032966852 2.7019288717
18 C
9.7265308494 -11.1268818796 1.8006028647
19 C 10.2520905803 -12.5568173250 2.2607054948

IV

31 H -0.2191446419 -3.5624916526 2.3502361052
32 H
2.6949145518 -3.9709755956 -0.0452513701
33 H
2.6842735704 -2.3218625610 -0.6837712603
34 H
4.2023924219 -3.0751280814 -0.1921467317
35 H
4.5081513559 -0.8912300111 1.0901639401
36 H
2.8613611627 -0.3353233393 0.8966041968
37 H
3.5086303549 -0.5793792877 2.5193374218
38 H
3.7562508190 -5.8217663389 4.3439736624
39 H
4.6706214055 -4.3754126908 4.8031719242
40 H
3.0497833012 -4.6709008177 5.4521206168
41 H
7.5792261423 -2.6987907928 0.9038496824
42 H
7.7173945214 -2.0636573601 2.5376064770
43 H
9.0675832506 -2.9209692382 1.8099520126
44 H 12.1015569019 -5.5801269358 2.3173875528
45 H 12.1770763185 -6.8594488996 3.5238004925
46 H 11.6010748306 -8.5494289936 1.7523499700
47 H 11.5829596695 -7.2674933390 0.5514962363
48 H 13.9889536107 -6.7747911441 1.0617397232
49 H 13.9972232689 -8.0561364316 2.2554495838
50 H 13.4944327803 -9.7424924161 0.4601366599
51 H 13.4744568682 -8.4513691660 -0.7426457282
52 H 14.9691954113 -8.8474694723 0.1022807282
------------------------------------------------------------------------------------CH3

H3C

H3C

+

NH

CH3

IV

20 C 11.6626688559 -12.8880701833 1.6165044276
21 H
6.8708059584 -10.1600884435 2.5487142616
22 H
2.3055701775 -6.2344680463 2.6457847580
23 H
5.3635601767 -6.1450194495 1.7843465905
24 H
4.9697819174 -10.0881312390 2.3959949775
25 H
6.9752866301 -7.6066481191 1.6005592306
26 H
4.5137576470 -1.3308684116 2.9504774676
27 H
4.8177643561 -1.4236572392 1.1113531389
28 H
0.6507355400 -1.6711665344 2.6078178307
29 H
2.0925572123 -1.9778229952 3.7559195032
30 H
2.5889877330 -0.1752095936 1.8968518516
31 H
2.3723030724 -1.5155094991 0.6181144945
32 H
1.8519502245 -3.6486995718 0.0060382225
33 H
0.5978895744 -4.8245352752 0.7209301130
34 H
0.2415278733 -2.9944847928 0.6776982830
35 H
0.1135416789 -5.1191566932 2.7979698920
36 H
1.5058265338 -5.0154158226 4.0309747813
37 H
0.2285382042 -3.6652454335 3.9550643134
38 H
6.1070893817 -3.9886849776 0.9273530979
39 H
6.4633845679 -3.1092354933 2.5330536511
40 H
5.8672759766 -4.8711924963 2.5534654676
41 H
2.2473487432 -8.8933740346 1.5871223254
42 H
2.8737945824 -9.6291802160 3.1828371159
43 H
2.1374305827 -7.9220312669 3.1720062578
44 H
8.8067571393 -10.6282644283 3.7796176208
45 H
7.7498056684 -11.6932959932 2.6695976951
46 H
9.4247492608 -11.1492290276 0.6980604861
47 H 10.5357653342 -10.3346016903 1.9588468842
48 H 10.3512634030 -12.5707365308 3.4013243845
49 H
9.4977642984 -13.3543401755 1.9371750234
50 H 11.5800200691 -12.8718874913 0.4760492718
51 H 12.4315489700 -12.1097482263 1.9489123380
52 H 12.0043554328 -13.9250238564 1.9540788086
---------------------------------------------------------------------------------------------

Table S5. xyz-coordinates of a cyclized PSB isomer
---------------------------------------------------------------Standard Nuclear Orientation (Å)
I Atom
X
Y
Z
---------------------------------------------------------------1 N
7.4173170825 -5.0181645380 2.3704848837
2 C
3.5975198455 -2.3567095507 2.1813588303
3 C
4.3896023677 -3.6608973356 2.2811475527
4 C
2.0702574318 -2.3674943737 2.1654400200
5 C
3.6788599046 -4.8424686515 1.6008033472
6 C
1.5387998414 -3.6070909637 1.4319321924
7 C
2.1901770154 -4.8955881009 1.8853157735
8 C
1.5171875324 -1.1323716164 1.4508301689

H3C

CH3
CH3
CH3

+

NH

CH3

IV

9 C
1.5310858332 -2.3493979733 3.6064421100
10 C
4.6394750928 -3.9742486707 3.7612091378
11 C
4.2838422393 -1.2040546424 2.2322872927
12 C
5.7234938679 -1.1390991019 2.2980831265
13 C
6.5043870684 -2.1866046587 2.0063244425
14 C
5.7709937029 -3.4188506371 1.5333256781
15 C
6.4981298496 -4.6931718767 1.5386331389
16 C
7.9926722230 -2.0659058184 1.9194966751
17 C
8.1084912993 -6.3031160340 2.4421912610
18 C
9.6095207468 -6.1561518984 2.2623965207
19 C 10.3183731942 -7.4954196384 2.4189662635
20 C 11.8214249238 -7.3721210812 2.2374929029
21 H
7.7053011869 -4.3146621923 3.0425891474
22 H
6.2226552524 -5.4596743645 0.8201761177
23 H
3.8100630362 -4.7632472330 0.5144726878
24 H
4.1478764794 -5.7812827382 1.9158048288
25 H
0.4559094413 -3.6518880585 1.5711027001
26 H
1.7063520771 -3.4836339292 0.3558790095
27 H
1.7540755249 -5.7467136226 1.3577931376
28 H
2.0059734386 -5.0714785749 2.9484693503
29 H
1.9330909435 -1.0308241682 0.4469331946
30 H
0.4331214614 -1.2271322763 1.3614522718
31 H
1.7092975785 -0.2092148522 1.9992438945
32 H
0.4411262773 -2.2771283575 3.5851013392
33 H
1.7854900788 -3.2456880618 4.1727746983
34 H
1.9175402547 -1.4875539287 4.1525339374
35 H
5.1883997929 -4.9107693931 3.8910505047
36 H
5.1862484306 -3.1678161730 4.2513032337
37 H
3.6926219865 -4.0918040706 4.2835731921
38 H
3.7534603138 -0.2609930310 2.2347712588
39 H
6.1806833567 -0.1838137225 2.5324906246
40 H
5.4848120938 -3.2454456682 0.4835341342
41 H
8.3783442100 -2.4441776997 0.9670247834
42 H
8.2837895491 -1.0191417816 2.0000944250
43 H
8.5420776775 -2.5891479748 2.7131008425
44 H
7.8828786332 -6.7363599791 3.4204099033
45 H
7.6739730102 -6.9515217419 1.6799681256
46 H
9.8208637038 -5.7335848212 1.2756918632
47 H 10.0007262491 -5.4487291748 3.0021146430
48 H 10.0951909632 -7.9082245097 3.4077992983
49 H
9.9147823214 -8.2054756670 1.6901090063
50 H 12.0683193391 -6.9727949912 1.2513131846
51 H 12.2577026578 -6.7066561331 2.9856784258
52 H 12.3091416177 -8.3422939480 2.3335849176
----------------------------------------------------------------

+

NH
CH3

H3C

Table S6. xyz-coordinates of a cyclized PSB isomer
H3C

CH3

IV

---------------------------------------------------------------Standard Nuclear Orientation (Angstroms)
I Atom
X
Y
Z
---------------------------------------------------------------1 N
5.9079632239 -1.6185773726 2.5639458585
2 C
2.9355621889 -5.3770669527 2.2083368243
3 C
3.9221585664 -4.4835446164 2.9501846624
4 C
3.2088446708 -6.8724866722 2.1445763361
5 C
5.3177107121 -5.1099866003 2.9451813083
6 C
4.0508494649 -7.3001790729 3.3520484442
7 C
5.3539122250 -6.5191854676 3.5425246733
8 C
3.9451956455 -7.2138389785 0.8377772675
9 C
1.9089304032 -7.6784906825 2.1662184437
10 C
3.4230543415 -4.2788575567 4.3882163710
11 C
1.8422142695 -4.8121080643 1.6768266609
12 C
1.6221337974 -3.3824584991 1.6929698347
13 C
2.6025594369 -2.5121419442 1.9496358476
14 C
3.9846692560 -3.1170995657 2.1782915151
15 C
4.8097296378 -2.1722420094 2.9349867938
16 C
2.4377426810 -1.0298119824 1.8783754511
17 C
6.6510280915 -1.7791600476 1.3092465373
18 C
8.1414751614 -1.6495816222 1.5609686395
19 C
8.9449698402 -1.7527439975 0.2722168487
20 C 10.4386168884 -1.6129120852 0.5102938876
21 H
6.3380925802 -0.9749002482 3.2192986062
22 H
4.4652773838 -1.8846729140 3.9240616553
23 H
5.6736023918 -5.1426758881 1.9115605462
24 H
6.0168591254 -4.4677780500 3.4924794527
25 H
3.4298246028 -7.2132695730 4.2472481638
26 H
4.2734900423 -8.3651646358 3.2557921942
27 H
6.1895457353 -7.0590224692 3.0934984205
28 H
5.5774359370 -6.4622376288 4.6097821795
29 H
4.9178977671 -6.7274980010 0.7516355513
30 H
4.1129805920 -8.2923582890 0.7848015126
31 H
3.3472286116 -6.9211164077 -0.0266881750
32 H
1.3145588851 -7.5304886460 1.2632310098
33 H
2.1423596239 -8.7437715222 2.2216051933
34 H
1.2909923435 -7.4224381590 3.0288846356
35 H
4.1663317485 -3.7729971173 5.0121522361
36 H
2.4955205128 -3.7059369423 4.4039848175
37 H
3.2248406482 -5.2388747477 4.8580406583
38 H
1.0788533266 -5.4264318458 1.2167346613
39 H
0.6378465460 -3.0072616921 1.4333914830
40 H
4.4270913541 -3.3137739682 1.1941217003
41 H
3.1146461489 -0.5842103330 1.1393639331
42 H
1.4206043480 -0.7723735876 1.5852498898

CH3

43 H
2.6321826661 -0.5309952201 2.8341751876
44 H
6.4037040804 -2.7499266347 0.8851135217
45 H
6.3042844941 -1.0053391387 0.6181994091
46 H
8.3475359137 -0.6837790507 2.0380997380
47 H
8.4615235487 -2.4267796868 2.2624784155
48 H
8.7362398650 -2.7137370123 -0.2087786826
49 H
8.6083398872 -0.9797287153 -0.4262080834
50 H 10.9900448019 -1.6820190146 -0.4275267030
51 H 10.6795225414 -0.6492935580 0.9645675561
52 H 10.8119214440 -2.3974755125 1.1720271102
----------------------------------------------------------------

Table S6. xyz-coordinates of a cyclized PSB isomer
H3C
H3C

CH3
+

NH
CH3
H3C

IV

---------------------------------------------------------------Standard Nuclear Orientation (Angstroms)
I Atom
X
Y
Z
---------------------------------------------------------------1 N
6.8664005868 -6.5212706610 1.7668665768
2 C
2.8790860616 -3.7980138754 2.1139343415
3 C
4.3774170457 -4.0616272203 2.0830551940
4 C
2.4170077637 -2.5303517002 2.8257054994
5 C
4.9686704134 -2.9752814154 1.1475762108
6 C
3.4784213452 -1.4322770352 2.5367102048
7 C
4.1763550859 -1.6590515374 1.2035369792
8 C
1.0728152434 -2.0459065679 2.2762424336
9 C
2.2295104032 -2.7284712693 4.3368594848
10 C
5.0594941370 -4.0000234805 3.4569337160
11 C
2.0746797229 -4.5027465229 1.3058125209
12 C
2.5525072055 -5.5117997913 0.3857649885
13 C
3.8012134403 -5.9790723469 0.4045401442
14 C
4.6577829277 -5.5220879878 1.5734200744
15 C
6.0813702759 -5.6651383697 1.2310396528
16 C
4.3210756883 -7.0142231123 -0.5373610753
17 C
8.2840077612 -6.7160085751 1.4532144294
18 C
9.1783027339 -6.5775977119 2.6792278688
19 C
9.2263046865 -7.7881095777 3.6062723961
20 C
7.9004993250 -8.1971544606 4.2340504686
21 H
6.4864252087 -7.1210872131 2.4945782009
22 H
6.5153778656 -5.0254255845 0.4666099857
23 H
6.0149514205 -2.7986705293 1.4212084093
24 H
4.9598152191 -3.3344055058 0.1140099805
25 H
2.9752266753 -0.4629059068 2.5228395026
26 H
4.2100648421 -1.3645990528 3.3451894326
27 H
4.8397743413 -0.8237344079 0.9729634240
28 H
3.4185788195 -1.6715282667 0.4161195851
29 H
1.1143595931 -1.8487267600 1.2035282882
30 H
0.2711143610 -2.7617915099 2.4643339551
31 H
0.7969044541 -1.1186933588 2.7805811533

IV

32 H
1.4508645431 -3.4680490650 4.5321891031
33 H
3.1347369332 -3.0467132496 4.8498895408
34 H
1.9150650544 -1.7848933170 4.7885801171
35 H
5.0193972641 -3.0116328938 3.9028776808
36 H
4.6118712180 -4.7069662523 4.1584973984
37 H
6.1215958970 -4.2453503901 3.3604056327
38 H
1.0246623127 -4.2538596194 1.2420710012
39 H
1.8609809544 -5.8844949656 -0.3628124731
40 H
4.4372210557 -6.1971367365 2.4155322362
41 H
5.1693522299 -6.6536438248 -1.1304538353
42 H
4.6577526282 -7.9159131272 -0.0119179519
43 H
3.5450640885 -7.3177029752 -1.2390325980
44 H
8.3842623149 -7.7111226899 1.0105439222
45 H
8.5400665776 -5.9807676815 0.6903489019
46 H 10.1862687405 -6.3862576214 2.3030686245
47 H
8.8884972292 -5.6794353339 3.2344529304
48 H
9.6481288080 -8.6385628837 3.0619646292
49 H
9.9384601481 -7.5605257571 4.4021620980
50 H
7.2233650488 -8.6737525626 3.5152120499
51 H
8.0575018036 -8.9402958034 5.0161333592
52 H
7.3899704964 -7.3483419355 4.6994236060
----------------------------------------------------------------
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Color vision is based on the ability of different opsin proteins to tune the absorption band of their chromophore,
the retinal protonated Schiff base (RPSB). Two main mechanisms proposed for this tunability are geometric
and electrostatic. Here we probe the latter effect experimentally and by a quantum chemical calculation of
the absorption by an isolated complex containing the retinal chromophore and molecules with a strong dipole
moment. Betaine complexation causes an anomalously large blue shift. The shift provides direct evidence that
the strong charge-transfer character of the electronic transition is the cause of the opsin shift, and shows that the
electric field of the counterion is responsible for the color tuning, which allows absorption of light in the blue
region of the visible spectrum by opsin proteins.

I. INTRODUCTION

The initial step in animal vision is absorption of a photon
by the retinal protonated Schiff base (RPSB, 1+ , shown
schematically in Fig. 1) [1–4]. The chromophore is found
within a multitude of different opsin proteins which absorb
light at different parts of the visible and ultraviolet spectrum,
as well as in bacteriorhodopsin proteins found in Archaea. The
color tunability of the chromophore, often referred to as the
opsin shift, has been widely studied [5–10], mainly through
comparison of protein absorption measurements to quantum
chemical calculations. Spectral analysis of the tuning induced
by the protein environment has led to a debate about the nature
of the most important contribution to the observed large shifts.
While some work has identified the geometric effect (torsion
of the retinal or change in the bond length alternation) as
the major source for tuning [11], other work attributed it to
the electrostatic effect of the counterion [5,6] or the sum of
interactions from the binding pocket [10,12,13].
Electrostatic interactions between the chromophore and the
counterion and/or polar amino acid sidechains can be used
to color tune the absorption if the chromophore’s electronic
transition has a high degree of charge transfer (CT). This is
supposed to be the case for RPSB [4,14] where electronic
charge moves from the vicinity of the β-ionone ring towards
the Schiff base upon photoexcitation. Notably, this is not a
priori obvious, as the electronic states of the RPSB are a
superposition of many different resonance structures, with the
main four shown in Fig. 1. The extent of CT in RPSB has
been studied theoretically [14,15] and experimentally through
indirect optical measurements [16–20]. Here we present a
study of the color tuning of the RPSB due to electrostatic
interaction through a combination of gas-phase measurements
and quantum chemical calculations.
2469-9926/2018/98(4)/043428(6)

Gas-phase measurements have already proven instrumental
in measuring geometric effects on the absorption band of the
RPSB [21–24]. Using action spectroscopy in an electrostatic
storage ring it was shown that the visible absorption by
the bare chromophore consists of a wide band from 500 to
650 nm. Different derivatives in which the β-ionone ring is
locked in different angles have a narrower absorption band
centered on the red or green parts of the visible spectrum
[22]. Photoisomerization action spectroscopy has shown that
the shape of the visible absorption band differs between
the all-trans and single cis isomers [23,24]. These works
demonstrate that geometric effects provide tunability within
the red and green parts of the visible spectrum, and that
geometric effects alone cannot account for the blue-absorbing
opsin proteins.
Gas-phase measurements have also been used to study
the neutral retinal chromophores’ absorption band [25]. Notably, the photofragmentation technique employed in such
studies requires the molecules to be overall charged, and
therefore in order to measure the absorption band of the
neutral chromophore, derivatives were synthesized in which
a positive charge is located along the polyene chain in a
position where it is not part of the conjugated system, such
that it acts as a spectator charge. It was found that for a
charge located one bond away from the nitrogen atom, the
spectrum is blue shifted and peaked at λ = 480 nm, whereas
for a charge located three bonds away, the maximum is at
λ = 388 nm, which was asymptotically taken to be the neutral
chromophore’s absorption band maximum.
Here we present a study of isolated complexes containing
the positively charged RPSB and a neutral molecule with
a strong electric dipole moment. One candidate for such
a “probe” molecule is water, having a dipole moment of
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FIG. 1. Chemical structures of RPSB (1+ ), with four resonance structures shown; dimethylated RPSB derivative (2+ ); betaine
(N,N,N-trimethylglycine) (B); and dimethylformamide (DMF) (D).

II. EXPERIMENTAL

The measurements were conducted in the ELISA storage
ring and the Sep1 laboratory at Aarhus University, Denmark.
A detailed description of the experimental setups can be
found in Refs. [29,30]. Briefly, in both laboratories the ions
of interest are produced using electrospray ionization; they

FIG. 2. Neutral counts on detector as a function of time after
laser excitation. The solid lines represent smooth fits to the data.

are subsequently trapped and accumulated within a radiofrequency trap, extracted and accelerated (to a kinetic energy of
22 keV in ELISA and to a kinetic enregy of 50 keV in Sep1),
and then mass selected using a magnet. In the case of Sep1
the ions are photoexcited by a pulsed laser system (EKSPLA
NT232-50-SH-SFG), and resulting fragments are deflected
by an electrostatic analyzer onto a channeltron detector. By
scanning the voltage of the electrostatic analyzer one can
determine the mass of the charged fragments. Alternatively
by fixing the voltage of the analyzer on a certain fragment
mass and scanning the laser wavelength the chromophore’s
absorption band is measured. In ELISA, following mass selection, the ions are stored in an electrostatic storage ring,
for tens of milliseconds before being photoexcited (also by an
EKSPLA pulsed laser system). Neutral fragments produced as
a result of photoexcitation are no longer confined by the ring
and are counted on particle detectors. The advantage of the
storage ring, as opposed to single-pass experiments, is that the
ions can cool down vibrationally prior to laser irradiation, and
that delayed fragmentation, i.e., fragmentation which occurs
on timescales longer than microseconds after laser irradiation,
can be measured. Typically, gas phase complexes are weakly
bound and dissociate promptly (on < μs timescales) after laser
irradiation. This is indeed the case for 1+ H2 O complexes.
Nevertheless, in the case of 1+ B complexes we do observe
delayed fragmentation on the hundreds of μs timescale, as
shown in Fig. 2, albeit faster than the fragmentation of bare
RPSB. We also see a significant kinetic effect: at lower
wavelengths the decay is significantly faster than at longer
wavelengths. This confirms that the binding energy of betaine
to the RPSB is significantly larger than that of water, and
yet weaker than the dissociation energy of the chromophore.
Measurements of fragmentation yield as a function of laser
intensity for all the ionic species studied here, shown in
Appendix A, confirmed that they originate from a one-photon
process. Daughter mass fragment spectra of the 1+ B complex,
shown in Fig. 3, measured in the Sep1 instrument revealed
two prominent fragmentation peaks corresponding to the bare
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1.85 D. Indeed, by spraying a solution of RPSB in ethanol
with 10% water added we were able to produce ions whose
mass corresponds to that of the RPSB water complex (m/z =
358 amu) at sufficient intensity for photofragmentation measurements to be performed. We found that the absorption
band is considerably blue shifted and peaked at λ = 450 nm.
However, as RPSB degrades in the presence of water, it is
not clear if the spectrum corresponds to that of the complex,
or of reaction intermediates. Instead we use complexation
with betaine (N,N,N-trimethylglycine), denoted here as B,
and dimethylformamide (DMF), denoted here as D (shown
schematically in Fig. 1). Betaine is a zwitterion with an
extremely large dipole moment, calculated to be 11.9 D [26],
i.e., more than six times larger than that of water. It has
recently been shown that electrospraying a solution containing
the chromophore of choice and betaine results in the production of mixed complexes [27,28]. The structure of these
complexes is expected to be one where the negative part
of the betaine is located close to the positive charge in the
chromophore, inducing a strong local electric field. Thus, by
measuring the photofragmentation spectrum of the complex
it is possible to deduce the effect of an electric field on
the chromophore’s absorption band. Moreover, it has been
shown that betaine complexation can be used to determine the
character of the electronic transition [27].
In the case of ions where the electronic absorption has a
high degree of CT, betaine complexation causes a blue shift.
This is due to the difference in interaction energy between
the external charges and the charges on the chromophore in
the electronic ground state and in the excited state. On the
other hand, in ions in which the electronic transition is not of
CT character, the shift due to betaine complexation is limited
[27]. In the case of RPSB, the electronic transition is expected
to have a high degree of CT, and thus a large blue shift is
expected. As DMF has a weaker dipole moment, of 3.86 D,
one expects to see a smaller blue shift for the case of 1+ D
complexes.

COUNTERION-CONTROLLED SPECTRAL TUNING OF THE …

retinal chromophore, 1+ , and to protonated betaine, BH+ . In
the gas phase the 1+ B complex may have two forms in which
the proton is located either on the retinal or on the betaine.
We therefore also studied a dimethylated RPSB derivative,
denoted here as 2+ , which has an identical visible absorption
band to that of 1+ . 2+ has no free proton, and indeed its
daughter mass spectrum has only one fragment corresponding
to the bare 2+ (Fig. 3).
III. RESULTS AND DISCUSSION

The absorption bands of the 1+ B, and 2+ B complexes
measured in ELISA are shown in Fig. 4, along with the
absorption band of the bare chromophore, 1+ . As in the case
of the bare chromophore, the absorption bands are wide,
and their exact shapes are sensitive to ion source conditions,
probably because of differences in the distribution of isomers
within the ion beam [24]. The absorption by the 2+ B complex
has a maximum at 460 nm and is shifted by approximately
0.6 eV as compared with the bare chromophore. This is an
anomalously large blue shift, being a factor of two larger than
the largest blue shift due to betaine complexation measured
so far [27,28]. The absorption band of the 1+ B complex is
considerably wider and peaked at 410 nm. Also shown in
Fig. 4 is the absorption band of 1+ B measured in Sep1 resulting from monitoring the yield of the 1+ fragment, indicated
by 1+ Bb (the absorption band resulting from monitoring the
yield of the BH+ fragment is similar, and shown in Fig. 9
in Appendix B). Generally, despite the kinetic effects, the
absorption bands measured in ELISA and in Sep1 agree well
with each other; however, in the case of the 1+ B complex
the structural features appear more pronounced in the Sep1
measurements, and in particular there seems to be a dip in
the absorption band at  435 nm, indicating that the wide absorption band of the 1+ B complex is composed of at least two
separate features. We attribute the blue part of this spectrum to
the contribution of complexes in which the proton resides on

FIG. 4. Gas phase absorption spectra of the 1+ [22], 1+ B, 2+ B,
and 1+ D complexes. The superscript a indicates measurements
conducted in ELISA. The 1+ Bb measurement is the absorption by
the 1+ B measured in Sep1 by monitoring the production of the 1+
fragment. The results of the quantum chemical calculations are also
shown by the solid vertical lines, labeled Th 2+ , Th 2+ B, and Th
1+ D.

the betaine molecule. This provides a measure for the red shift
to the absorption by a neutral retinal chromophore induced
by BH+ , which we find to be of approximately 10 nm. The
anomalously large shift due to betaine complexation allows
measuring the blue shift caused by molecules with smaller
dipole moments, and indeed we find that the absorption band
of the 1+ D complex lies between that of 1+ and that of 1+ B,
with maximum at around 510 nm (see Fig. 4).
The anomalously large blue shift of 0.6 eV due to betaine
complexation is a direct evidence for the high degree of CT of
the electronic transition in RPSB. To rationalize these findings
we have carried out coupled cluster (CC2) calculations of
the excitation energies (Fig. 4). For this purpose we have
optimized the geometries of 1+ , 2+ , 1+ B, 2+ B, and 1+ D in the
gas phase using BP86 [31,32] functional in the resolution-ofthe-identity formulation as implemented in the ORCA 4.0 [33]
program package. The vertical excitation energies (VETs) and
the properties of the first excited state were calculated using
approximate second-order coupled cluster (RI-CC2)[34] in
the TURBOMOLE 7.2 program [35]. The hole and particle densities and exciton analysis was performed with THEODORE 1.7
[36]. The Def2-TZVP [37], and the corresponding auxiliary
basis sets were used in all calculation.
The geometry optimization of the complex from 1+ or
2+ with B or D shows the orientation of B and D close to
the positive charge at the Schiff base region (see Fig. 5).
This is best seen in the orientation of the betaine in the
1+ B complex. The negatively charged carboxylate group is
pointing at the Schiff base hydrogen. Hence, the 1+ B complex
presents an isolated RPSB counterion model, which has been
previously found to be the major contribution of the spectral
shift [12,14,15].
The CT nature of the excitation in RPSB is well known
but hard to quantify [16–20]. For this purpose we have carried
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FIG. 3. Fragment mass spectra from photodissociation of 1+ B
and 2+ B with λ = 440 nm. In the case of 1+ B both 1+ and BH+
fragments are observed, while in the case of 2+ B only the 2+
fragment is seen.
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FIG. 5. Structure of 1+ B complex; for the 1+ the exciton wave
function electron density is shown.

FIG. 6. Left: Visualization of the exciton wave function via
separate hole (ρh ) and electron (ρe ) densities. The calculated holeelectron separation (dhe ) is 5.47 Å. Right: Calculated structure of the
1+ B complex.

FIG. 7. Neutral counts after photoexcitation as a function of laser
intensity measured for 1+ B in ELISA at λ = 425 nm. The solid line
represents one-photon Poisson fits to the data.

the presence of a small cis contamination does not alter the
conclusions.
IV. CONCLUSION

In conclusion, we have observed a blue shift in the absorption by the RPSB chromophore as a result of introducing
nearby external charges and dipoles. This shift is rationalized
by considering the presence of a charge-transfer character
upon S0 -S1 excitation. The charge dislocation occurs from the
Schiff-base region to the β-ionone ring as quantified by quantum chemical calculations. The largest blue shift of 0.6 eV
is measured for the 1+ B complex. Geometry optimization
shows the preferential location of the betaine to be near the
Schiff-base moiety, hence stabilizing the ground state more

V

out a wave function analysis for 1+ proposed by Plasser and
coworkers [38]. This phenomenological analysis in terms of
an electron-hole picture is presenting the transition density
matrix in real space. The visualization in Fig. 6 shows the hole
(red) indicating the region where the electron was localized
before and the particle (green) where the electron is localized
upon the photoexcitation event. The hole-electron separation
is the distance between the hole and particle centers of mass.
In case of 1+ this distance is 5.47 Å, which indicates a
significant intramolecular charge transfer in retinal.
Since the electron density moves from β-ionone ring towards the Schiff-base fragments, the differential effect from
counterion model is expected because of its destabilization
effect on the S1 state. Indeed, the complexation of retinal with
betaine causes the most prominent effect on the excitation
energy (≈ 0.6 eV), whereas complexation with the nonzwitterionic DMF results in a smaller shift of just 0.4 eV. In
our simulation the values are 0.5 and 0.3 eV, respectively. It
should be noted that the permanent red shift of the computed
VETs from the measured arise due to the imperfection of
the method and incompleteness of the basis set due to the
large size of the studied systems, yet the the trend is correct.
We have also calculated the blue shift resulting from betaine
complexation for different RPSB isomers including the 9, 11,
and 13-cis isomers. It is expected that in these cases, as the
beta-ionone ring is physically closer to the Schiff base, the
extent of the charge transfer and hence of the blue shift is
expected to be smaller. However, the calculations show that
this effect is minute. For 11-cis, the blue shift is for example
only 0.03 eV smaller than that of the all-trans isomer. Thus,

FIG. 8. Fragment yield measured in Sep1 following photoexcitation of 1+ B at λ = 440 nm as a function of laser intensity for the
two fragments. The solid lines represent one-photon Poisson fits to
the data.
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FIG. 9. Comparison of absorption of 1+ B measured in ELISA
(1+ Ba ) and Sep1. For the Sep1 data the action spectrum is measured
by monitoring either the betaine loss (1+ B → 1+ ) or the protonated
betaine (1+ B → BH+ ) fragments.

than the excited state, which leads to the blue shift. The
spatial localization of the betaine and the orientation of the
carboxylate towards the Schiff base resembles the counterion.
Our study not only demonstrates that electrostatic interactions
can be used for spectral tuning, but also that the electric field
from polar groups within the protein backbone is not enough
to explain the blue-absorbing opsin proteins as their dipole
moment is weaker than that of betaine and their distance to the
chromophore is larger than in the case of the gas phase complex. We therefore conclude that the electrostatic interaction
between the protonated retinal Schiff base and the negative
counterion dominates the spectral tuning in retinal proteins.
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FIG. 10. Comparison of absorption of 2+ B measured in ELISA
(2+ Ba ) and Sep1 (2+ Bb ).
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APPENDIX A: INTENSITY SCANS

Following the fragment yield as a function of laser intensity
allows us to determine the number of photons involved in
the photofragmentation process. The intensity scans, shown in
Figs. 7 and 8, confirm that photofragmentation of the betaine
complexated retinal derivatives is a one-photon process.
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A comparison of absorption of 1+ B measured in ELISA
and Sep1 is shown in Fig. 9. For the Sep1, the action spectrum
measured by monitoring the betaine loss and the protonated
betaine fragments is shown. Figure 10 shows a comparison of
the absorption of 2+ B measured in ELISA and Sep1.
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