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The combination of laser photodissociation,
action spectroscopy, and mass spectrometry to
identify and separate isomers

Samuel J. P. Marlton and Adam J. Trevitt *

The separation and detection of isomers remains a challenge for many areas of mass spectrometry. This

article highlights laser photodissociation and ion mobility strategies that have been recently deployed to

meet this challenge with focus on small molecule isomers including protonation isomers, structural

isomers, conformation isomers and new studies emerging on chiral isomers. Laser techniques span UV

and visible laser photodissociation, time-resolved pump–probe schemes and application of laser hole-

burning arrangements to assign isomers within selected ion populations. Also surveyed are applications

of ion mobility strategies to separate isomers followed by laser spectroscopic techniques to assign the

separated ions. Ultimately, with ongoing refinement in hardware and methods, there are clear pathways

forward for laser and mass spectrometry techniques to make decisive breakthroughs in understanding

how isomeric details affect biological processes, physiology and disease.

Introduction

In mass spectrometry the inability to separate and assign
isomers prevents the full extraction of chemical information
and this impacts many research areas including metabolomics,1

lipidomics,2 and mass spectrometry imaging.3 Since the basis of
mass spectrometry is the measurement of the mass to charge
ratio (m/z) of ions, the separation and identification of isomers
requires additional strategies that need to be deployed in
tandem. Such strategies include ion-mobility,4 collision-induced
dissociation,5,6 ion-molecule reactions (e.g. ozone-induced
dissociation),7,8 and laser photodissociation techniques.9,10 Over
the last few decades, enormous advances in the conformational
biomolecule analysis have occurred leveraging on advances in
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soft-ionisation techniques (e.g. electrospray ionisation (ESI))
together with numerous ion-mobility and computational strate-
gies. Nevertheless, separating and assigning structural isomers
for small molecules remains a significant challenge for mass
spectrometry and this Feature Article focusses on recent
advances in laser photodissociation (PD) mass spectrometry
strategies in this context.

In the 1970s, some of the first reports emerged which
described UV and visible wavelength photodissociation of mass
selected ions as a technique to distinguish isomers. Classic
examples include the assignment of various isomers of C7H8

+

(radical cations of toluene, cycloheptatriene, and norborna-
diene) on the basis of distinct PD spectra.11 At the time, lasers
generally lacked broadband UV-Vis tunability so these pioneer-
ing action spectroscopy experiments deployed arc-lamp/mono-
chromator light sources with ion cyclotron resonance ion trap
mass spectrometry.11–13 Studies by the Dunbar and Beauchamp
groups are landmark in this area and remain well-cited over
50 years later.11,12,14

Since these pioneering experiments, there have been per-
haps two major technical advancements that have enhanced
the scope and application of what is often referred to as PD
action spectroscopy: (i) ESI/MALDI ionisation methods and
(ii) tuneable UV-VIS mid-band OPO laser sources. The impact
of ESI/MALDI cannot be easily overstated as these techniques
have proliferated across the biological, chemical and physical
sciences because they permit the study of an enormous variety
of gas phase ions. Across all these fields, there are distinct pre
and post ESI/MALDI invention epochs.15–17 The second major
advancement is the availability of the solid-state, tuneable,
mid-band OPO laser. These are moderately priced (for a table-
top laser system) and are becoming increasingly turn-key and
(mostly) hands-free operation. The OPO laser systems used in
this context are typically pulsed, with repetition rates commonly
(but not limited to) 10–100 Hz and pulse-widths commonly ca.
5–10 ns but also picosecond pulse-widths widely available too.
The technical advantages of these OPO laser systems are the
broadband tunability (spanning hundreds of nanometres) with
good pulse energies (mJ), where scanning from the NIR through
the visible and into the UV is relatively straightforward. High-
energy wavelength cut-offs are typically around 210–225 nm,
depending on the system. However, various vendors offer a range
of options including deeper UV extensions, higher repetition rates
(ca. 1 kHz), high pulse energies (ca. Joules), IR wavelength
extensions, compact footprints, ‘‘rugged’’ housings, and more.
There are some limitations and downsides to the common OPO
laser systems. For example, OPO laser systems have pulse energies
that vary significantly over large scanning ranges and the beam
output can be rather divergent with irregular beam spot energy
distribution. These factors can be problematic when power nor-
malisation is required for scans over large wavelength ranges and
laser beam overlap with ions can vary. Nevertheless, OPO laser
systems are robust light sources for acquiring UV-Vis PD action
spectra of gas-phase ions.

A major portion of the current UV-vis PD action spectroscopy
research is conducted with ion traps, both at room temperature

and cryogenically cooled. Ion-mobility strategies such as drift
tube ion mobility spectrometry (IMS) and field asymmetric
ion mobility spectrometry (FAIMS) are also deployed for pre-
filtering of ions. In this Feature Article, the advantages of these
techniques are discussed. In defining the scope of this per-
spective, IR PD techniques—such as infrared multiphoton
photodissociation (IRMPD)18–25 and infrared photodissociation
(IRPD)26–30—and m/z selected photoelectron (PE) spectroscopy31–34

are not included in detail, with the exception of select examples.
The interested reader is directed to these aforelisted references.
Also, this Feature Article focusses on studies where ESI is the
ionisation source. Other methods that generate ions for action
spectroscopy include electron impact ionisation35–37 and super-
sonic expansion followed by photoionisation38 but these areas
are not covered. Finally, therefore, this Feature Article is not an
extensive review of all PD spectroscopy strategies. For extended
resources the reader is directed to the following reviews on ion-
mobility,4,39–41 the history of ion spectroscopy,11,13,42 advances
and developments in ion spectroscopy,43 UV-vis photodissocia-
tion action spectroscopy,44 lasers and mass spectrometry for
structure determination,45 conformer resolved photoinduced
dynamics for neutral and ionic peptides,46 action spectroscopy
of DNA radical cations,47 gas-phase dynamics including isomer
selective spectroscopy,48 biological relevant ions with room
temperature49–51 and cryogenic ion spectroscopy.52,53

How does UV-vis PD action spectroscopy work?

Typically, UV-vis PD action spectroscopy is a method that
measures the yield of photoproduct ions as a function of
photon energy arising from the irradiation of an m/z-selected
precursor ion population. Although details can vary, a typical
procedure is as follows. A target analyte is introduced from
solution via ESI, which serves to transfer the analyte from the
liquid solution into the gas phase and (if required) to ionise the
analyte. Ionisation often arises by protonation (cation) or
deprotonation (anion). Charge can also be provided by non-
covalent attachment of cations (e.g. Li+, Na+, K+, and NH4

+) or
anions (e.g. Cl�, I�, and CH3COO�). Alternatively, target ions
may be a native cation or anion. At some point following this
liberation of the analyte into the gas phase, m/z isolation of the
target precursor ions is performed by a quadrupole ion guide or
within an ion trap. This is a vital step that removes all other
ions and provides an essentially background-free baseline in
preparation for the detection of photoproduct ions. The target
ions are then irradiated with a laser pulse (or many pulses).
Following this, a mass spectrum is recorded and the intensity
of any product ions arising from the laser pulse is measured
against the total ion count. This sequence may be repeated
depending on the desired signal-to-noise ratio. The laser wave-
length is then altered, at the desired step size, and the process
is repeated. At each laser wavelength, the PD yield is recorded
as either the sum of all the photoproduct ions or a single
m/z photoproduct ion spectrum can be plotted as a subset.
The success of photodissociation action spectra depends on
whether the photon is absorbed (the photon energy corre-
sponds to an electronic transition) and secondly that the
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photon energy is above the dissociation limit to form product
ions (or above any rate limiting barriers that might impede
dissociation). Fig. 1 shows two examples where action spectra
have been reported using 1-photon mediated photodissociation
action spectroscopy and a case where a 2-photon strategy can
probe the S1 state, which is below the photodissociation limit,
and a second photon is required to generate photoproducts.
In the latter case, the two-photon process occurs within the
same nanosecond laser pulse and the multiphoton process is
confirmed by tracking the power dependence, as explained in
ref. 54. Individual product ions may have different PD action
spectra, which might signify different photodissociation pro-
cesses for a precursor ion or that there are different populations
within the precursor ion population (e.g. isomers). Interpretation
of the PD yield should also take into any account background
ions (that are not laser dependent) by background (laser on–laser
off) subtraction and also importantly any variations in laser
output should be taken into account by laser energy
normalisation.

The action spectrum can be of different forms. For example,
our recent paper on the action spectroscopy of IO� demon-
strated how several processes can be investigated following
laser irradiation (Fig. 2).55 In this example, IO� is m/z selected
and isolated using a room temperature linear ion-trap mass
spectrometer and then irradiated. Any loss of IO� parent ions
can be recorded with a laser-on vs. laser-off procedure—this is a
photodepletion spectrum. Another photoactivated process is
bond dissociation, where IO� dissociates into I� + O(3P) and
thus a photodissociation spectrum is generated by plotting the
yield of I� (m/z 127) normalised to the laser-off signal. While no
product ions would normally be expected in the laser-off
spectrum, the isolation step in an ion trap mass spectrometry
can activate fragile ions and give rise to a background of
product ions. Since this example is an anion, another laser
activated process is photodetachment of electrons, which is

plotted by monitoring the drop in the overall ion count normal-
ised to the laser-off signal. In this example, the competition
between photodissociation and photodetachment is plotted out
in a bias plot and both are competitive across this photon
range. The photodissociation action spectrum, Fig. 2(B), has a
superior signal-to-noise ratio, since the I� signal is produced on
an essentially zero level of background noise. On comparing

Fig. 1 Photodissociation action spectra can be recorded resulting from
1-photon dissociation, for example as depicted for (A) IO� excited into the
lowest singlet excited state by one photon (which can be tuned to record
the action spectrum). Alternatively, resonant 2-photon mediated photo-
dissociation action spectra are possible as is the case for (B) protonated
quinoline excited into the lowest singlet excited state by one photon and
the subsequent absorption of a second photon is required to overcome
the dissociation limit to form products – tuning the photon provides an
action spectrum of the S1 state in this case despite it residing below the
photodissociation limit.

Fig. 2 Various signal pathways in the action spectroscopy of IO�: photo-
depletion of the IO� parent ion signal (A); the photodissociation yield of I�

(B); the electron photodetachment yield from IO� (C); and the bias between
photodissociation and photodetachment (D). The superior S/N of the
photodissociation spectrum (B) compared to the other spectra is notable.
All channels are monitored concomitantly in the ion trap experiment.
Reprinted with permission from B. I. McKinnon, S. J. Marlton, B. Ucur, E.
J. Bieske, B. L. Poad, S. J. Blanksby and A. J. Trevitt, J. Phys. Chem. Lett.,
2021, 12, 11939–11944. Copyright 2021 American Chemical Society.55
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this to the depletion signals, Fig. 2 panels A and C, these are
inherently affected by more noise since they monitor the
attenuation of the parent ion signal. The final note on this
series of spectra is that they are all acquired simultaneously,
and the photodepletion spectrum is deconvoluted in the photo-
dissociation and photodetachment spectra.

For the acquisition of PD action spectra, various experimental
arrangements have been deployed, including adaptations to
commercial ion traps,56–60 custom built ion-traps,61 commercial
triple-quadrupole MS arrangements,62 cryogenic ion traps,53,63–70

and other designs that involve ion mobility selection71–74 or ion-
storage rings.75,76 All these arrangements allow laser access to
selected ions to induce photodissociation. Some of these setups
include ion mobility stages, which will be discussed in detail later.

As demonstrated in the above example, PD action spectro-
scopy is an indirect spectroscopic method. For ions, direct gas-
phase absorption measurements are generally challenging
since gas-phase ions are typically available in a relatively low
number density compared to that of solution-phase or dense
gas-phase systems. The number of ions that can be generated by
ESI—and subsequently selected in the mass spectrometer—can
range from tens of millions down to a few tens and this is much
lower than the number density in solution phase absorption,
which is normally well above 1012 molecules cm�3 (nM). For a
gas-phase ion packet if, say, ten photons are absorbed by the
sample from a laser pulse made up of trillions of photons, then
the attenuation of photon intensity would be difficult to mea-
sure. Alternatively, since PD action spectroscopy relies on the
detection of photoproduct ions at different m/z values from the
selected precursor ions it is essentially a background-free
measurement and dissociation events are easily recorded even
if only a few product ions are generated for each MS cycle.

Another inherent advantage of PD action spectroscopy using
mass spectroscopy is that it introduces an element of target
selection of ions by their m/z ratio. As such, background signal
and contamination are often eliminated. Of course, this m/z
selection alone does not allow for the selection of isomers or
isobaric contaminants. The separation and identification of
isomers are an active area of research development and a
strategy for addressing isomer separation is using ion-mobility
techniques to separate isomers as will be discussed later.
Another notable method for separation is chromatography,
which has been coupled to IRMPD spectroscopy.22,77,78 Although
ion mobility techniques are a powerful addition for isomer
separation and assignment, spectroscopic techniques alone
can provide a detailed characterisation of certain isomers.

Isomer ions

There are many reported studies using UV/vis PD action
spectroscopy that interrogate isomeric ions that have been
selected before introduction into the mass spectrometer.
In these cases, pure samples of structural isomers were
available so—provided no isomerisation occurs upon delivery
of ions—the spectra from these isomers can be compared.
Such studies have targeted substituted pyridines,79–82

azaindoles,83,84 diazabenzenes,85,86 indazole and benzimidazole,87

and diazanaphthalenes,82 as well as anionic systems: deproto-
nated azaindoles,84 nitrophenolate ions,88–90 molecular-iodide
clusters,91 and protonated quinoline and isoquinoline.54,92

The case of the structural isomers protonated quinoline and
isoquinoline is rather straightforward. The PD action spectra
for the S1 ’ S0 transitions of quinolineH+ and isoquinolineH+

are shown in Fig. 3. These spectra are constructed by tracking
the three major product ions, which are the same for both
precursor ions.

The pure electronic transition (n0 = 0 ’ n00 = 0), labelled 0–0,
is often the key value for assigning experimental spectra
because it is a clearly defined value in both calculations and
experiment.93,94 The difference in the 0–0 energy of protonated
isoquinolineH+ and quinolineH+ is ca. 200 cm�1. Note that a
hot-band was incorrectly assigned as the 0–0 for isoquinolineH+

in the original publication.54 The 0–0 energies of the two
isomers were subsequently measured by Jouvet and co-
workers at cryogenic temperatures to be within 200 cm�1.92

The difficulty in characterising small differences between 0–0
energies is compounded by the fact that excited state calcula-
tions tend to be less accurate and less robust than ground state
calculations. Time dependent density functional theory
(TD-DFT) calculations have typical absolute uncertainties in
the order of 2000 cm�1 and the coupled cluster method CC2,
(which is the gold standard method for excited state calcula-
tions of medium sized molecules) has typical uncertainties of

Fig. 3 UV PD action spectra for (a) quinolineH+ and (b) isoquinolineH+
ions. Reproduced from ref. 54 with permission from the PCCP Owner
Societies.54 These spectra are acquired in a linear ion trap (LTQ).
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ca. 1000 cm�1. Methods like EOM-CCSDT have typical errors of
above 200 cm�1 and are too expensive to be routinely used for
molecules of this size and larger.95 The fact that EOM-CCSDT
and other high level methods—which aspire to reach chemical
accuracy (o1 kcal mol�1 or 350 cm�1)—emphasises the impor-
tance of benchmark experimental data to validate these
claims. In these aforementioned isomers studies, the isomers
were generated from chemical standards where the identity of
the isomer was known. But what if both isomers were present
in one sample? To meet this challenge, Coughlan et al. used the
quinolineH+ and isoquinolineH+ reference spectra to assign
isoquinolineH+ and quinolineH+ co-sprayed into the instrument
and separated within the mass spectrometer using differential ion
mobility spectrometry (DMS).96 Therefore, these isomer resolved
spectra can serve as references for future diagnostic applications.

A common structural variable that gives rise to isomeric
ions in mass spectrometry is variation in the protonation site.
Such isomers are termed protomers. Protomers present in
the solution may be transferred to the gas phase following
ESI, along with protomers that are favoured in the gas
phase.21,97–100 However, the relative protomer populations
generated under ESI are affected by the ESI conditions and
do not necessarily reflect the statistically preferred distributions in
either the gas phase or the solution phase.97–100 Because protomer
populations are affected by ESI (and because the exact mechan-
isms by which ions are formed in ESI are not fully understood), it
can be difficult to predict which protomer is going to dominate
in the experiment. This uncertainty means that the protomers
present need to be assigned and characterised.

Room temperature UVPD

Targeting protomers, Matthews and Dessent reported the room
temperature UVPD action spectra of protomer isomers co-
populated in an ion trap in their study of para-aminobenzoic
acid (PABA).9 The room temperature action spectra could be
deconvoluted to two protomers of PABA, as shown in Fig. 4.
Fig. 4a shows the spectrum of the O-protonated form and
Fig. 4b shows the spectrum of the N-protonated form. Because
there are major differences in the spectra of these protomer
ions, and the major product ions are characteristic to the
protomer precursor ions, the isomers are clearly distinguished.
Since these product ions are—for the most part—unique to the
precursor protomer ion, any isomerization between protomers
after photoactivation must be minimal. However, depending on
the structure of the molecule, the availability of proton scrambling
pathways, and the difference in the protonatable functional
groups, protomer ions can give rise to the same photoproduct
ions. In this case, the protomers of PABA have different photo-
product ions as well as different action spectra.

Photodissociation product ions can provide insight into
assignment of the protomer precursor ion. For example,
Fig. 4b follows both the generation of the H atom (�1 Da)
and the NH3 fragment (�17 Da), previously assigned to the N
protomer.101,102 Therefore, based on the photoproducts, one
can begin to assign the spectra to different protomers before
analysing each spectrum.

For direct assignment of isomers, photodissociation action
spectroscopy can be compared to calculated spectroscopic
transitions. For example, the first electronic transition for the
O-protonated form of PABA is calculated to be centred around
3.58 eV (using the high level MRCI method) and the peak in the
experimental spectrum (Fig. 4a) is centred around 3.51 eV.
Similarly, the calculated first transition of N protonated PABA
is calculated to be 4.50 eV, which is close to the experimental
transition around 4.56 eV (Fig. 4b). This agreement between
calculations and experimental spectra—in addition to other
observed states—provides an unequivocal assignment of these
spectra to the O and N protomers, which are co-located in the
ion-trap.

The Dessent group has also deployed PD action spectroscopy
to study protomers of flavin ions103 and nicotinamide.104 In
these experiments, the various isomers are co-located in the ion
trap. Other UV PD studies on nucleobases105,106 distinguished
between multiple protomers. These studies demonstrate how
the electronic transitions and non-radiative decay are affected
by the protonation site, which is noteworthy considering
protonation bears some resemblance to the hydrogen bonding
and isomerism that occur for nucleobases in DNA. From the PD
action spectra of these molecules, their intrinsic photoproperties
can be studied. These properties include absorption transitions
and non-radiative decay mechanisms. This is benchmark
information to understand the effect of more complex environ-
ments, including solvent shifts or other environmental factors.
UV PD has also been employed to understand how structural
changes affect the photochemistry of sunscreens, for example,
by distinguishing and characterising how the binding site of a

Fig. 4 UV PD action spectra for para-aminobenzoic acid (PABA) ions in
different solvents following different PD products. The spectra correspond
to two protomers co-populated in the ion trap, (a) the O-protomer and the
(b) N-protomer, which are distinguishable by their different action spectra
and PD products. Reproduced from ref. 9 with permission from the PCCP
Owner Societies.9

ChemComm Feature Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 5

/2
/2

02
6 

11
:1

8:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cc02101c


9456 |  Chem. Commun., 2022, 58, 9451–9467 This journal is © The Royal Society of Chemistry 2022

cation can inhibit the excited-state proton transfer that affects
the photostability of sunscreen agents.107–109

Nucleobase radical cation isomers,47,110–113 as well as several
other biologically relevant radical cation isomers, have been
analysed by Turaček and co-workers using UV action spectroscopy
in a modified commercial ion trap, which takes advantage of the
inert ion trap environment. Reactive radical ions, which would
otherwise be transient intermediates that quickly react away, can
be isolated and stored for the acquisition of PD spectra.

The Turaček group has also compared the results from the
two most common commercial mass spectrometers that are
modified for PD action spectroscopy (THERMO LTQ and Bruker
AmaZon). These modified setups are shown in Fig. 5a and b.56

The main difference between these arrangements is that for the
linear ion trap (THERMO LTQ) optical access is afforded
through a window on the rear of the mass spectrometer,
whereas optical access is afforded through a window on the
top of the mass spectrometer to the 3D ion trap (Bruker
AmaZon) with a clear path in and out of the instrument. The
spectra in Fig. 2 and 3 were acquired using a THERMO LTQ
mass spectrometer, whereas the spectra in Fig. 4, from Dessent
and co-workers, were acquired using a Bruker AmaZon mass
spectrometer. It is evident that both configurations are suited
for PD action spectroscopy; however, these spectra should not
be used to directly compare the performance of the two mass
spectrometer setups because they also employed different
lasers, span different photon energies, and report spectra from
different ions. For direct comparisons between equivalent
instruments using a THERMO LTQ and a Bruker AmaZon mass
spectrometer see ref. 56.

Although the are many cases where room temperature PD
action spectroscopy can distinguish isomers, there will be many
instances where that the room temperature spectra of isomers
are inherently too broad and/or congested. Cooling of ions in
cryogenically-cooled ion traps can simplify spectra.

Cryogenic UVPD

As is well established, vibronic spectra are generally sharper
and better resolved when ions are cooled in cryogenic ion traps
as this greatly restricts vibrational state populations and narrows
rotational state distributions. PD action spectroscopy of ions
confined in cryogenically cooled environments is conducted in a
similar manner to the previously described room temperature
experiments except that the temperature of the ions is cooled to
ca. 3–50 K using a buffer gas, which is typically helium gas.
Fig. 6b shows a schematic of a setup employing a cryogenic ion
trap as shown in ref. 63.63 The ions are generated by ESI and
guided into a 22-pole ion trap, which is cooled by a He cryostat.
With colder ions, hot band intensities and rotational broadening
are significantly reduced or eliminated and the sharpness of the
spectra can be vastly improved.

Cryogenic ion-trap PD action spectroscopy has been used to
characterise the protonation or metalation-site isomers for ions of
flavins,114–116 nucleobases,117,118 polycyclic aromatic amines,119,120

distinguishing between different spin states of high-spin ions,121,122

and to disentangle E and Z double-bond isomers of
hemithioindigo123 and the green fluorescent protein
chromophore,124 lipid isomers125 and carbohydrates.126 Similar
experiments have measured electron photodetachment (rather
than PD) as a function of wavelength for deprotomers of
cytosine anions.31

The PD action spectra of protonated lumiflavin (LFH+) are
shown in Fig. 6 (from the study by Dopfer and co-workers).114

A lower resolution spectrum is recorded using a mid-band OPO
laser (linewidth ca. 4 cm�1) and the high-resolution spectrum is
acquired using a dye laser (linewidth ca. 0.014 cm�1). The first
major peak (normalised at 0 cm�1) is assigned as the origin of
the O protomer. Aided by the simulations, it is apparent
that two co-located protomers contribute to the experimental
spectrum. The N-protomer 0–0 is assigned at +74 cm�1 from
the O-protomer 0–0. Several low frequency excited state vibra-
tional quanta are assigned within a few 100 cm�1 above the 0–0
transition due to both protomers. This vibronic structure allows
for the assignment of two protomers based on comparison with
FC simulations and calculated 0–0 transition energies. The O2+
protomer (red simulation) is planar in the excited state and is
dominated by in-plane vibrations and the geometry of the N1
protomer (blue simulation) is non-planar in the excited state
and has a spectrum that has several active low-frequency out
of plane vibrations. This illustrates how biological flavins can
have altered photoproperties as a consequence of different
protonation sites, which then highlights the importance of
the flavin environment to biological function. Furthermore,
the flavin properties can also be affected by metal cation
binding, as other studies using cryogenic PD action spectro-
scopy have observed that changing the metal binding site can

Fig. 5 A diagram of how a THERMO LTQ (a) or a Bruker AMAZON mass
spectrometer (b) can be adapted to allow optical access to the ion trap is
shown. Figure has been amended to include labels of key components
indicating ESI ion source region (i), electrostatic ion guides (ii), ion trap (iii),
and laser beam (yellow line) entering the mass spectrometer through a
window (iv). Adapted from A. Dang, J. A. Korn, J. Gladden, B. Mozzone and
F. Tureček, Journal of The American Society for Mass Spectrometry, 2019,
30, 1558–1564 Copyright 2019 American Chemical Society (ref. 56).
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dramatically shift the 0–0 transition energy for the first 1pp*
state of flavin ions.114–116

For protonated lumiflavin, vibronic spectra obtained under
cryogenic conditions allow for convincing assignment of
protomers. Assignment is achieved by comparison between
experimental and calculated results, which typically involves
Franck–Condon simulations and calculated 0–0 transition
energies.114,115,119,120,127–130 The interplay between experiment
and computational chemistry methods is exemplary in this area of
research. Accurate calculations are often needed to assign experi-
mental spectra and, in turn, quantum chemical calculations need
experimental data for benchmarking and validation.

Natural linewidth-limited peak shapes recorded using cryo-
genic ion PD spectroscopy can be used to estimate excited-state
lifetimes.83,85,118 This is possible because rotational broadening of
vibronic peaks should be minimised at low temperatures and
generally spectra are much less congested. Using cryogenic ion PD
spectroscopy, two protomers of protonated uracil were deter-
mined to have excited state lifetimes of 40 fs and 2 ns (where
the 2 ns lifetime was measured using a pump–probe).85,118 This
difference between lifetimes was attributed to the different energy
gaps between the pp* and np* states. Thereby, the effect of lone
pairs and protonation site on the photostability of DNA nucleo-
bases was spectroscopically observed.

Pump–probe photodissociation

For co-located isomer ions, if vibronic transitions are suffi-
ciently narrow and separated it is possible to tune a laser to
selectively excite a vibronic transition of only one isomer

population, leaving the other unaffected. Taking advantage of
this, Soorkia et al. selectively excited particular conformers of
protonated tyrosine ions using resonant transitions. By then
introducing a second (probe) laser pulse, they measured pump–
probe PD spectra for various conformers (see Fig. 7).131

A schematic of the experimental setup is also shown in
Fig. 7c; all isomers are co-isolated in the ion-trap (Paul trap),
which is cooled by a cryostat. Both the pump and probe pulses
(see fragmentation laser in Fig. 7c) irradiate the ion cloud in the
ion-trap.

This arrangement of the isomer-selective pump–probe
experiment was employed to investigate protonated tyrosine
isomers131 and nucleobase isomers.117,132 Protonated tyrosine
conformers are found to have similar excited state lifetimes at
1610 cm�1 above the 0–0 transition (ca. 450 ps). On the other
hand, the 1np* lifetimes of protonated cytosine varied by over
an order of magnitude and, as previously mentioned, the
excited state lifetimes of uracil conformers varied by almost
five orders of magnitude.

Other groups have deployed femtosecond or picosecond
pump–probe laser configurations combined with photodisso-
ciation mass-spectrometry to interrogate excited-state lifetimes
of ions in tandem time-of-flight mass spectrometers,133–135

triple-quadrupole mass spectrometers,136 ion storage
rings,137,138 custom built ion traps at room temperature,139–141

custom built ion traps that are cryogenically cooled,81,85,132,142

and commercial ion traps.87,143–146 There are also setups using
electronic delays for pump–probe photodissociation on the
nanosecond to millisecond timescale.117,132,146–151 The excited

Fig. 6 (a) Cryogenic spectra of LFH+ (black) acquired with a mid-band OPO and a sharper-linewidth dye laser. Franck–Condon simulations for two
protomers are red and blue. Both protomers are assigned as contributing to the experimental spectrum. Reproduced from ref. 114 with permission from
the PCCP Owner Societies.114 (b) A schematic illustration is included to provide a survey of the cryogenic BerlinTrap apparatus used to acquire these
spectra. Ions are generated using ESI, accumulated in a miniature quadrupole (miniQP), transferred into a hexapole (HP), m/z selected using a quadrupole
mass spectrometer (QPMS), reflected 901 by a quadrupole bender, guided by an octupole (OP) into a cryogenic 22 pole ion trap where they are cooled
and can be irradiated by a laser pulse (blue line) after which the ions are detected using a reflectron time of flight mass spectrometer (ReTOF).
(b) Reproduced with permission from A. Günther, P. Nieto, D. Müller, A. Sheldrick, D. Gerlich and O. Dopfer, A new cryogenic 22-pole ion trap
spectrometer, J. Mol. Spectrosc., 2017, 332, 8–15. Copyright Elsevier, 2017.63
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state dynamics of few gas-phase ions has been investigated
experimentally or computationally, especially relative to
solution-phase species.

Laser hole burning techniques

A particular isomer population that are co-located with other
isomers can be selectively excited by tuning a laser to a

characteristic vibronic transition and ‘‘burning’’ out a major
fraction of that population. Hole burning spectroscopy takes
advantage of this selectivity to obtain a spectrum of only one
isomer or conformer. This requires two lasers. First, a single
laser photodissociation spectrum would normally be recorded
and contain peaks from all isomers/conformers co-located in
an ion trap experiment. In the hole-burning experiment, a
probe laser is fixed to one peak in the PD spectrum. Then a
burn laser is scanned across the spectrum and this is pulsed
a short time before (ca. a few milliseconds) the probe laser.

Fig. 7 (a) Cryogenic UV PD action spectra of tyrosineH+ ions. (b) pump–
probe PD plots following the PD yield of tyrosineH+ ions as a function of
time delay between the pump and probe pulses (right). By setting the
pump pulse to excite a vibronic peak for only one isomer, each isomer can
be selected and its lifetime can be selectively probed. (a and b) Adapted
with permission from S. Soorkia, M. Broquier and G. Grégoire, J. Phys.
Chem. Lett., 2014, 5, 4349–4355. Copyright 2014 American Chemical
Society.131 (c) Schematic of the experimental setup. (c) Adapted with
permission from I. Alata, J. Bert, M. Broquier, C. Dedonder, G. Féraud,
G. Grégoire, S. Soorkia, E. Marceca and C. Jouvet, J. Phys. Chem. A, 2013,
117, 4420–4427. Copyright 2013 American Chemical Society.64

Fig. 8 (a) Some low energy isomers of noradrenaline-Na+. (b) Cryogenic
UV-PD hole burning spectra of noradrenaline-Na+ isomers. (c) Cryogenic
UV-PD spectrum exhibiting the spectrum of all isomers generated by ESI.
Figures (a), (b) and (c) reproduced from ref. 152 with permission from the
Royal Society of Chemistry.152 By setting a ‘‘probe’’ laser pulse to selectively
excite one isomer, the PD from that isomer is detected. By introducing a
second laser, an isomer selective spectrum can be generated whereby the
spectrum dips when the second laser ‘‘burns’’ out the population of the
isomer being selected by the ‘‘probe’’. (d) A schematic illustration is included
to provide a survey of the experimental setup. Ions are generated using ESI,
guided through a hexapole, m/z selected using a quadrupole mass spectro-
meter (Q-MS), reflected 901 by a quadrupole bender, guided by an octupole
into a quadrupole ion trap (QIT) where they are cooled and can be irradiated
by one or two laser pulses (blue lines) after which the ions are detected using
a reflectron time of flight mass spectrometer (TOF-MS). (d) Reproduced with
permission from S.-i. Ishiuchi, H. Wako, D. Kato and M. Fujii, High-cooling-
efficiency cryogenic quadrupole ion trap and UV-UV hole burning spectro-
scopy of protonated tyrosine, J. Mol. Spectrosc., 2017, 332, 45–51 Copyright
Elsevier, 2017.65
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Variations in the probe laser PD signal are tracked as the burn
laser is scanned. When the burn laser is resonant with a
transition from an isomer that is also targeted by the probe
laser, a depletion in the probe signal is recorded. For other
transitions scanned over by the burn laser, the probe laser
signal is unaffected. This process is repeated with a probe laser
then shifted to a different peak (Fig. 8 includes several hole-
burning spectra). Therefore, the hole-burning strategy provides
an isomer-selective depletion spectrum.

Examples of hole burning spectra are presented in Fig. 8
where isomer-selective spectra for four noradrenaline-Na+ con-
formers (red, orange, green and blue traces) are recorded from
an experiment with all isomers co-located in the ion trap. The
different spectra are acquired by scanning the burn laser and
setting the probe laser to selectively excite one of the peaks A, B,
C, or D shown in Fig. 8c. A schematic example of the instru-
mentation for a hole burning experiment is shown in Fig. 8d
(reproduced from ref. 65), which incorporates ESI, m/z selection
with a quadrupole mass spectrometer (labelled Q-MS). Ions are
guided into the ion-trap where they are cryogenically cooled by
pulsed helium gas and subsequently irradiated by the burn and
probe laser pulses. This hole burning experiment was used to
assign the vibronic progression labelled A (red trace) to a closed
structure where Na+ interacts with the aromatic p system.
This isomer was not observed for the noradrenaline-Li+

ion (not shown), which may explain the different effect that
Li+ and Na+ has on the inhibition of noradrenaline molecular
recognition.152

Biomolecular ions of considerable structural flexibility like
polypeptides and proteins have been analysed using combined

cryogenic and IR and UV hole burning and double resonance
experiments.30,153–155 For more on cold ion spectroscopy, the
interested reader is directed to the following reviews for bio-
logical ions by Boyarkin and co-workers52,156 and Soorkia et al.46

Ion mobility spectrometry with photodissociation

Ion mobility spectrometry in its various forms is a method to
separate ions by physical properties including size, dipole and
buffer–gas affinity. By coupling IMS with PD spectroscopy,
isomers can first be separated and then spectroscopically
investigated without the complication of co-located isomers.

An important example of these techniques used together is
from Koyasu et al. targeting isomers of C9

+ arising from laser
vaporisation of graphite. Various C9

+ isomers were separated
using drift tube ion mobility spectrometry and then irradiated
with 355 nm photons to induce photodissociation (see Fig. 9).
In IMS, ions drift through a cell that contains a gas, typically N2

or He. As the ions drift, their mobility is affected by the ion–
molecule collisions as quantified by the collision cross section
(CCS). Two types of Cn

+ isomers are reported in this experiment,
linear and cyclic. The linear isomers have a larger CCS and they
tumble through the collision cell with longer arrival time delays
(peak labelled A in Fig. 9b). The cyclic isomers are more
compact with a smaller CCS and, therefore, have the arrival
time (peaks labelled B in Fig. 9b).

Because the two C9
+ isomers are separated, the ratio between

C6
+ and C7

+ formation is determined, where the linear isomer
favours C6

+ and the cyclic isomer favours C7
+. Because they are

separated, the difference is obvious, which is a clear advantage
of the combined ion mobility and PD mass spectrometry

Fig. 9 Structures of linear and cyclic C9
+ (a), Drift IMS arrival times plots of Cn

+ clusters (b), mass spectra of linear C9
+ with laser on (c) and laser off (e and

g), mass spectrum of cyclic C9
+ with laser on (d) and laser off (f and h). Adapted with permission from K. Koyasu, T. Ohtaki, N. Hori and F. Misaizu, Isomer-

resolved dissociation of small carbon cluster cations, C7+–C10+, Chem. Phys. Lett., 2012, 523, 54–59 Copyright Elsevier 2012.157 (i) Schematic of
experimental setup reproduced from F. Misaizu, N. Hori, H. Tanaka, K. Komatsu, A. Furuya and K. Ohno, Isomer-selected photoreactions of gas-phase
cluster ions, Eur. Phys. J. D, 2009, 52, 59–62 with permission of Springer.74
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arrangement. Action spectra are not acquired in this experi-
ment. A subsequent experimental arrangement that combines
IMS and cryogenic PD action spectroscopy has presented the
electronic spectra of several cyclic carbon cluster ions.158,159

Some other examples of ion mobility coupled with photo-
electron spectroscopy or PD using set wavelengths are other
carbon cluster ions,160,161 silicon cluster ions,161 trisaccharides,162

DNA anions,163,164 proteins,165–169 flavins,73 and glycans.170

Also, fixed wavelength arrangements have been used for
more exotic experiments such as ion-mobility selected gas-phase
fluorescence.171–173

Ion mobility spectrometry coupled with spectroscopy

Ion-mobility and PD action spectroscopy deployed together can
reveal considerable detail about ions and isomer populations.
For example, protomers of benzocaineH+ could be separated
first using IMS and then assigned using IRMPD.100 Fig. 10b
shows that the mobility selected IRMPD spectrum of isomer II
matches the calculated spectrum for the N-protomer of benzo-
caineH+, and the spectrum of I matches the calculated spectrum
of the O-protomer. The IRMPD spectra exhibit several diagnostic
peaks (like the N-protomer peak at 1250 cm�1 or the O-protomer
peak at 1550 cm�1). These peaks in the IRMPD spectra allow for
unambiguous assignment of the two ion-mobility separated
species. Notably, CID generates the same photoproducts for both
protomers and, therefore, does not provide definitive assignment
information. However, one could argue that these protomers
could be assigned using IRMPD without separation—although
the result would be perhaps less definitive without IMS separa-
tion. Even though the IMS points to additional isomers (isomers II
and II0) the IRMPD spectra of these isomers appear almost
identical. The populations of these protomers and isomers can
be measured by variation of the ESI solvent (Fig. 10a).

Ion mobility combined with room temperature IR PD has
been used to distinguish isomers of sacharides,174 amino
acids,175 amino acid clusters,176 small molecules,177 metal-oxide
clusters,178 and b-sheet formation.179 Combined ion mobility and
cryogenic IR PD studies have distinguished isomers of
peptides180–182 and glycans.183–188 Gas-phase infrared spectroscopy
of glycan isomers was also recently reviewed.189 In the case of many
systems mentioned here, especially some glycan isomers, the
difference between isomers is very slight and these isomers cannot
always be distinguished using one technique alone (i.e. just ion
mobility or just IR PD). It is only when ion mobility is combined
with IR PD that these isomers can be clearly distinguished.

Another ion-mobility separation method is field-asymmetric
ion mobility mass spectrometry (FAIMS).96,98,190 While tradi-
tional drift IMS separates ions by arrival time dictated by their
cross-sectional mobility in a low-strength electric field, FAIMS
filtered ions by mobility in both low and high-field strengths.
The principles of FAIMS are described in detail elsewhere.191,192

Briefly, ions are carried by an inert gas between two electrodes
across which a dispersion voltage (DV) is applied, which is an
asymmetric voltage that oscillates between high and low voltage
of opposite polarity. Ions are separated based on their displace-
ment in the high field and low field regimes and different

isomers will have different trajectories between the FAIMS
electrodes. The trajectory of an isomer can be corrected by
applying a compensation voltage (CV) so that only the selected
isomer passes between FAIMS electrodes to be detected. The
FAIMS voltages and their effect on the trajectory of an ion are
shown schematically in Fig. 11D.

Fig. 10 (a) Drift IMS for benzocaineH+ generated using acetonitrile or a
mixture of methanol and water as the ESI solvent. (b) IRMPD spectra of the
ion-mobility selected protomers and isomers of benzocaine-H+. (c)
IRMPD mass spectra. (d) Calculated IR spectra for different benzocaineH+

protomers. Structures and relative ground state energies for different
protomers and isomers of protonated benzocaine (e). Schematic of the
experimental setup (f). Adapted from S. Warnke, J. Seo, J. Boschmans, F.
Sobott, J. H. Scrivens, C. Bleiholder, M. T. Bowers, S. Gewinner, W. Schöllk-
opf and K. Pagel, J. Am. Chem. Soc., 2015, 137, 4236–4242. Original article
is in the public domain.100
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Drift IMS and FAIMS each have advantages and disadvan-
tages. While FAIMS can provide separation different from that
of drift IMS,193 the FAIMS separation process is known to
thermally activate ions194 and possibly cause structural rear-
rangements—this would be of particular concern for native
biomolecular ion studies but less of a concern for small
molecule investigations targeted here. Drift IMS provides colli-
sional cross-section (CCS) values for separated species. These
CCS values provide information on the ion shape and can be
compared with other reference CCS values and calculated
values. Therefore, even without PD spectroscopy, the CCS
values can provide information on structural assignments of
different isomers separated using IMS. A method to measure
CCS values using FAIMS results is emerging,195 which is
promising but not as established as CCS measurements based
on drift IMS.

It is sometimes the case that protomer ions are not possible
to disentangle without separation. In particular, broad feature-
less spectra can be difficult to deconvolve when there are
multiple species with similar spectra. For example, in our study
of nicotineH+, a combination of FAIMS and UV PD action
spectroscopy (see Fig. 11D) was able to distinguish the

overlapping spectra of the two nicotineH+ protomers.98 The
UV PD action spectra of nicotineH+ (without FAIMS separation)
are shown in Fig. 11C following the formation of the m/z 84
photoproduct (blue trace) and the m/z 132 photoproduct (green
trace). The spectra obtained by following these two photopro-
ducts are sufficiently different, with the green trace exhibiting a
shoulder at a lower energy (o4.5 eV) and the blue trace
exhibiting a high energy feature at 5.5 eV.

By comparing these experimental action spectra to vertical
transition energies and relative intensities calculated with the
CC2 method (vertical bars in Fig. 11C), it is found that there is
good agreement between the calculated electronic transitions
of the pyrrolidine protonated nicotineH+ and the spectrum
obtained by following formation of the m/z 132 photoproduct
and there is good agreement between the calculated electronic
transitions of the pyridine protonated nicotineH+ and the
spectrum obtained by following formation of the m/z 84 photo-
product. This is consistent with previous studies of the
dissociation of nicotineH+ assigned to the m/z 132 product
ion as forms from the pyrrolidine protomer of nicotineH+,
while the m/z 84 product ion forms form the pyridine protomer
of nicotineH+.196 Based on CC2 calculations, it was determined

Fig. 11 (A) FAIMS ionogram for nicotineH+ (m/z 163) following two PD products of nicotineH+ (m/z 132 and m/z 84), which are indicative of the two nicotine-H+

protomers. (B) PD mass spectra (l = 266 nm) of nicotineH+ with FAIMS compensation voltage set to �11.5 V (blue line) or �16.5 V (green line). (C)
Photodissociation action spectra of nicotineH+ following the signal of the m/z 84 photoproduct ion (blue trace) and the m/z 132 photoproduct ion (green trace).
Vertical bars show vertical transition energies calculated using CC2 for the pyridine protonated protomer (blue bars) and the pyrolidine protonated protomer
(green bars). Vertical transition energies are offset by �0.35 eV for comparison to experimental spectra. (D) Schematic illustration to provide a survey of the
experimental arrangement at University of Wollongong. Ions are generated using ESI, the isomer can then be separated and selected using FAIMS, guided into the
linear ion trap (LTQ) where they are m/z selected and stored before being irradiated by a laser pulse (red line) and scanned out of the ion trap to produce a mass
spectrum. A schematic showing the DV (solid blue line) and CV (red shaded area) used in FAIMS and the trajectory that two different isomers might take (blue and
green dashed lines) between the FAIMS electrodes. Reproduced from ref. 98 with permission from the Royal Society of Chemistry.98
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that the shoulder at o4.5 eV in the spectrum of the pyrrolidine
protomer arises from an np* state, which involves the n-orbital
from the pyridine-ring nitrogen’s lone pair—this state is not
present for the pyridine protomer because the pyridine lone
pair is involved in the bonding to H+. Therefore, when com-
pared to vertical electronic transitions, the UV PD action spectra
provide direct spectroscopic evidence for the presence of two
protomers of nicotineH+ and direct spectroscopic assignment of
these two protomers.

A room temperature IRMPD spectrum of nicotineH+ has
been reported,197 which concluded that just the pyridine-
protonated protomer was present. This could signify that only
one protomer was generated under those conditions of ESI, or
perhaps both protomers were present and the spectrum of one
was hidden under the spectrum of the other. Cryogenic infrared
photodissociation spectra of H2 tagged nicotineH+ ions provide
additional spectroscopic evidence for the presence of both
nicotineH+ protomers.198

Another example of FAIMS separation of protomer ions is
the case of quinazolineH+ where two protomers present from
ESI in comparable yields.190 With FAIMS separation, the spectra
of both protomers were separately recorded, with a vibronic
structure (Fig. 12). The presence of this vibronic structure allows
for compelling assignment of the isomer structures and this
happens with Franck–Condon simulations and comparison to
calculated 0–0 transition energies. In this case, the simulations
nicely reproduce the experimental vibronic structure and the 0–0
energies for the S1 ’ S0 transitions are measured as 26 900 cm�1

(calculated as 26 650 cm�1 using MS-CASPT2) for 3-quina-
zolineH+ and 27 600 cm�1 (calculated as 28 424 cm�1 using
MS-CASPT2) for 1-quinazolineH+. However, like the quinolineH+

and isoquinolineH+ spectra shown in Fig. 3, the 0–0 transition energies
of quinazolineH+ protomers are close together (o1000 cm�1) and so
require the use of an accurate method (in this case MS-CASPT2) to
confidently make the assignment.

Other examples of experiments that combine ion mobility
with PD action spectroscopy are FAIMS separation with cryo-
genic UV/vis PD spectroscopy of peptides from Rizzo’s
group,180,199,200 FAIMS separation with room temperature UV/
vis PD spectroscopy from the Hopkins group,96,201–204 drift
mobility separation with cryogenic spectroscopy from Bieske’s
group,158,159 and drift mobility separation with room tempera-
ture photodissociation and photoisomerization from Bieske’s
group72,205–218 and Dugourd’s group.219,220

Tandem IMS and photoactivation

Tandem IMS has been combined with photoactivation to
observe photoisomerism. This is possible because photo-
isomerism can alter the ion CCS. The Bieske group72,205–218

and the Dugourd group219,220 have both deployed this strategy.
The tandem ion mobility setup uses an IMS-IMS-QMF configu-
ration with two drift ion mobility regions (IMS1 and IMS2).
A schematic of this experimental setup is shown in Fig. 13,
along with an ion mobility spectrum and photoisomerization
action spectrum of protonated trans azobenzene reproduced
from ref. 207. The trans isomer of protonated azobenzene is

Fig. 12 (I) FAIMS ionogram following quinazoline-H+ (m/z 131). Action spectra of quinazoline-H+ using compensation voltages of �8 V (A and E) or�3 V
(C and G). Franck–Condon simulations for the S1 (La) state of 3-quinazoline-H+ (B) and 1-quinazoline-H+ (D). Franck–Condon simulations for the S5 (Bb)
state of 3-quinazoline-H+ (F) and 1-quinazoline-H+ (H). S. J. Marlton, B. I. McKinnon, B. Ucur, J. P. Bezzina, S. J. Blanksby and A. J. Trevitt, J. Phys. Chem.
Lett., 2020, 11, 4226–4231. Copyright 2020 American Chemical Society.190
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selected in the first ion mobility step (IMS1) so only this isomer
is present. This is confirmed by the IMS2 arrival time distribution,
which displays only one peak (black trace in Fig. 13a). If the
mobility selected ions are irradiated by a laser between IMS1 and
IMS2, photoisomerism can be induced as revealed by the signal
from the cis isomer and the depletion of the trans (dotted line in
Fig. 13b). The cis isomer peak is assigned by its arrival time from
the IMS2 spectrum.

Tandem ion mobility makes up a major proportion of the
studies using combined ion-mobility and UV/vis action spectro-
scopy due to studies by the Bieske group72,205–218 as well as the
Dugourd group.219,220 The example of protonated azobenzene
highlights several key points about this technique. Ion mobility
selection can allow for isomer specific investigation, tandem

ion mobility can be used to study photoisomerism and the
connection between conformational isomers.

Chirality

Chirality affects the biomolecule function including physiological
and toxicological behavior.221 Conventional circular dichroism (CD)
spectroscopy takes advantage of the fact that stereoisomers have
different absorption values for left and right circularly polarised
light. The development of gas phase PD techniques for distinguish-
ing stereoisomers has emerged in recent years. The inherent
advantages of coupling CD analysis with mass spectrometry include
less sample quantity, lower sample concentration, and reduced
purity concerns (the target can be m/z-isolated within the mass
spectrometer) compared to conventional liquid-phase CD analysis.

Recently, experimental gas phase PD arrangements have
successfully distinguished between stereoisomers of small
chiral ions with linearly polarised light.222,223 Experimental
setups using circular polarised light to generate gas-phase CD
action spectra have also been developed recently. Gas-phase CD
action spectra have been reported for small ions in a cryogenic
ion trap224,225 and large DNA polyanions at room
temperature.226 Photoelectron circular dichroism of amino acid
anions was also recently reported.227

A recent report, shown in Fig. 14, by Gabelica and co-workers
described gas-phase chiral analysis where the signal is the
normalised difference in electron photodetachment (ePD) yield
arising from measurements alternating between left and right
circularly polarised light. This is compared with the conven-
tional solution phase CD spectrum (solid lines in Fig. 14). This
approach demonstrates how gas phase laser and mass spectro-
metry techniques can be used to measure CD action spectra of
selected ions.226 It is early days for this application but the
incorporation of CD analysis coupled embedded in an ‘omics
mass spectrometry is an alluring prospect.

Final thoughts

Since the presence of isomers poses an outstanding challenge
for many areas of mass spectrometry, it remains that more

Fig. 13 (a) Arrival time distributions measured by the IMS2 drift region for
trans azobenzene (that was selected by its mobility in the IMS1 region). The
traces correspond to light off (black trace) and 440 nm photoaction (red
dashes). (b) Action spectrum following the photoisomerization to the cis
isomer as a function of wavelength. (c) Structures of protonated cis
azobenzene and trans azobenzene. (d) Schematic of the tandem ion-
mobility experimental setup. (a), (b) and (d) Adapted with permission from
M. S. Scholz, J. N. Bull, N. J. Coughlan, E. Carrascosa, B. D. Adamson and
E. J. Bieske, J. Phys. Chem. A, 2017, 121, 6413–6419.207

Fig. 14 Gas-phase circular dichroism spectrum of m/z-selected right-
handed G-quadruplex (blue data points) and left-handed chiral isomer (red
data points) compared to conventional solution phase circular dichroism
spectrum (solid lines). Adapted with permission from V. Gabelica, Accounts
of Chemical Research, 2021, 54, 3691–3699.228
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technical advances are required before isomer separation and
disentanglement become routine. In this Feature Article, we
focused on the techniques for distinguishing isomers that
involve UV and visible photodissociation with mass spectro-
metry. These strategies are also applicable to the study of metal-
cluster topological isomers like Au25(SR)18 (thiol-capped gold
clusters),229 which can be liberated into the gas phase with ESI
and separated with ion-mobility.230–232 Similar clusters have
also been investigated with gas-phase techniques including
photoelectron spectroscopy233 and photodissociation234 (but
without isomer selection). Many of these experimental strategies
are exciting prospects for further deployment and refinement.
Incorporation of these techniques into routine mass spectro-
metry workflows remains an exciting avenue for exploitation.
Furthermore, the application of mass spectrometry to areas
including disease diagnostics, pathology and tissue imaging,
and the numerous omics applications only further highlights
the rich chemical information that will be available when isomer
differentiation becomes commonplace. It was our intention to
show here that photodissociation action spectroscopy strategies
can provide definitive insights for a significant number of
isomer classes. With suitable technical advancements, and
reductions in size and cost of laser and optical hardware, it is
easy to envisage a future where commercial mass spectrometers
are equipped with tunable lasers affording visible, UV and VUV
photoactivation. With these capabilities, PD action spectroscopy
will be a vital tool to characterise the role of isomers in many
areas including biological processes, physiology and the char-
acterisation of diagnosis of disease.
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J. R. Verlet, Phys. Chem. Chem. Phys., 2019, 21, 10567–10579.

214 J. N. Bull, N. J. Coughlan and E. J. Bieske, J. Phys. Chem. A, 2017,
121, 6021–6027.

215 J. N. Bull, J. T. Buntine, M. S. Scholz, E. Carrascosa, L. Giacomozzi,
M. H. Stockett and E. J. Bieske, Faraday Discuss., 2019, 217, 34–46.

216 J. N. Bull, M. S. Scholz, E. Carrascosa and E. J. Bieske, Phys. Chem.
Chem. Phys., 2018, 20, 509–513.

217 J. N. Bull, M. S. Scholz, E. Carrascosa, G. Da Silva and E. J. Bieske,
Phys. Rev. Lett., 2018, 120, 223002.

218 J. N. Bull, G. d Silva, M. S. Scholz, E. Carrascosa and E. J. Bieske,
J. Phys. Chem. A, 2019, 123, 4419–4430.

219 C. M. Choi, A.-L. Simon, F. Chirot, A. Kulesza, G. Knight, S. Daly,
L. MacAleese, R. Antoine and P. Dugourd, J. Phys. Chem. B, 2016,
120, 709–714.

220 I. Czerwinska, A. Kulesza, C. Choi, F. Chirot, A.-L. Simon, J. Far,
C. Kune, E. De Pauw and P. Dugourd, Phys. Chem. Chem. Phys.,
2016, 18, 32331–32336.

221 S. W. Smith, Toxicol. Sci., 2009, 110, 4–30.
222 H. Murashima and A. Fujihara, Chem. Phys., 2020, 536, 110818.
223 H. Murashima and A. Fujihara, Anal. Biochem., 2021, 114151.
224 H. J. Eun, A. Min, C. W. Jeon, I. T. Yoo, J. Heo and N. J. Kim, J. Phys.

Chem. Lett., 2020, 11, 4367–4371.
225 I. T. Yoo, H. J. Eun, A. Min, C. W. Jeon, J. Jeong, J. Heo and

N. J. Kim, Phys. Chem. Chem. Phys., 2021, 23, 24180–24186.
226 S. Daly, F. Rosu and V. Gabelica, Science, 2020, 368, 1465–1468.
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