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Abstract. The development of tandem ion
mobil i ty 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 detec-
tor. 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

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. Never-
theless, while one can approximate the effect of charge delo-
calization 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 spectrom-
etry (IMS) and tandem IMS approaches (also known as
IMS-IMS) have made it possible to directly observe isom-
erizations 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 Spectros-
copy 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 IMS-
IMS 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 frag-
ments 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 deriva-
tive 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 dis-
tribution 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 electro-
static 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 Vact 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 quasi-
equilibrium 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.

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

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].

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 spec-
troscopy (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 deriva-
tive [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 elec-
tron model (FEMO - also known as Belectron in a box^ model)
which is detailed in section A of the supporting information.

IMS-IMS

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 calcula-
tions, 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 possi-
ble to determine relative energies of different structural features
and barrier energies experimentally.

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 2. Absorption band of PSB1measured in this study comparedwith that of PSB2 and of RPSBwhich are reproduced from [16, 17]

Figure 3. Source IMS distribution of RPSB (dashed green line)
compared with that of PSB1 (continuous blue line)
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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

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

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-sectionswhich 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 challeng-
ing 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

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 activa-
tion 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 exam-
ple, 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

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

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 100 1.1
A1, A2→E 90 1
A1, A2→ F 110 1.2
B1, B2→A* 80 0.9
B1, B2→ E 90 1
B1, B2→ F 75 0.8
E→A 75 0.8
E→B 80 0.9
E→ F 80 0.9
F→A 85 0.9
F→B 60 0.7
E→E 60 0.7
A1, A2→ fragment 160 1.7
B1, B2→ fragment 160 1.7
E→ fragment 140 1.5
F→ fragment 110 1.2
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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 semi-
empirical 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 sum-
marized schematically in Fig. 6. Notably, we have not found
differences in the threshold voltages for isomerizations be-
tween 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 frag-
mentation 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 addi-
tional 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–

1.1 eV which are larger than the value of 0.65 eV measured for
the RPSB.

FragmentationPathwaysand theQuasi-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 en-
route to fragmentation. This assignment was confirmed by us
using isotope labeling [29]. Furthermore, we found a corre-
spondence 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 oc-
curring 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 under-
standing 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 ini-
tially 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
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icant portion of the population remains at peak F. This is
surprising especially since peak F is higher in energy than the
other peaks (see Fig. 6), with low barriers for isomerization. It
may indicate that part of the population of peak F corresponds
to a separate isomer or structural feature which is extremely
stable and has a high isomerization barrier.

Similar to the RPSB which undergoes fragmentation
through cyclization, the short PSB has a large tail to-
wards low collision cross sections. PSB1’s quasi-
equilibrium distribution also has a significant population
at collisional cross section of less than 120 Å2. PSB1 has
two main fragmentation products with masses corre-
sponding to 175 amu and 105 amu. The 175 amu frag-
ment corresponds to a fragmentation route that does not
involve cyclization, but rather a charge hydrogen rear-
rangement [30]. The second fragmentation product is
harder to explain as it must involve a retro-Diels-Alder
opening of the beta-ionine ring, followed by an aromatic
elimination. This fragmentation product also appears in
CID measurements of the RPSB (and of several of its
derivatives) at high collision voltages, although it is a
minor fragmentation channel. The toluene emission chan-
nel, which is the main fragmentation process in the
RPSB does not occur in the case of PSB1.

Conclusion
In conclusion, we have studied the optical absorption, isomer-
ization behavior, and fragmentation mechanism of a shortened
retinal derivative, PSB1. We find that with the decrease in the
length of the conjugated chain within the molecule, there is a
blue shift in the absorption band and an increase in the barrier
energies for isomerizations.We also find that this chromophore
has a rich IM spectrum which allows for a more detailed
analysis of its isomerization pathways.
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