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Abstract
Photodissociation action spectroscopy has made a great progress in expanding
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phase ion electronic excitations that result in wavelength-dependent dissociation
and light emission via fluorescence, chiefly covering the ultraviolet and visible
regions of the spectrum. The principles are briefly outlined and a few examples of
instrumentation are presented. The main thrust of the review is to collect and
selectively present applications of UV-vis action spectroscopy to studies of stable
gas-phase ion structures and combinations of spectroscopy with ion mobility,
collision-induced dissociation, and ion-ion reactions leading to the generation of
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1 | INTRODUCTION

The mass spectrum contains information which is en-
coded in a binary system of m/z values and ion in-
tensities. This vector alone does not provide any other
information regarding the ion chemical structure besides
mass, charge, and, in case accurate mass data are ob-
tained, a narrow range of plausible elemental composi-
tions. Mass spectrometry often deals with this deficit by
applying the process of spectra interpretation, which is
based on generalized principles of ion reactivity. For
example, the presence of two singly charged ions in the
spectrum that differ by 15m/z units is interpreted as
pointing to the presence of a methyl group in the starting
molecule (McLafferty & Turecek, 1993). This principle
often holds, although there are known exceptions, one of
those being the electron ionization spectrum of cyclo-
hexane, which shows a loss of CH; even though this
group is absent in the analyte molecule. The same lim-
itations apply to multidimensional spectra (MS") ob-
tained by activation and dissociation of mass-selected
ions from the primary mass spectrum. In contrast
to mass spectrometry, spectroscopic methods using
frequency-dependent absorption of electromagnetic

reactive intermediates and electronic energy transfer.

action spectroscopy, electronic excitations, ion fluorescence, ion mobility, ion protomers,

radiation rely on specific chromophores that can be
assigned to particular functional groups or nuclei. This is
the basis of absorption spectroscopies, such as UV-vis,
infrared, NMR, and others. Mating spectroscopy to mass
spectrometry can be expected to add an orthogonal di-
mension to ion structure elucidation. The well-known
problem with this approach (Antoine & Dugourd, 2013;
Baer & Dunbar, 2010; Forbes et al.,, 2009; Polfer &
Dugourd, 2013) is that ion populations in the vacuum
system of a mass spectrometer represent optically ex-
tremely thin samples, and so absorbance measurements,
based on the difference between the incident and trans-
mitted light intensity, are likely to be drowned by the
incident light beam intensity fluctuations. There have
been successful applications of direct measurements of ion
spectra that relied on careful background suppression in
emission (Allan et al., 1976, 1978; Maier, 1982, 1988, 1991)
and fluorescence spectra (Maier & Thommen, 1981). Ion
fluorescence measurements have recently enjoyed a re-
naissance, especially regarding larger biomolecular ions,
as covered in Section 5 below. Ion spectroscopy in rare gas
matrices has been applied successfully to obtain UV-vis
absorption spectra of several small organic ions, for ex-
ample, m- and p-C¢H,F,*" and C¢Fs*" (Bondybey
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et al., 1980), and other ions (Batalov et al., 2006; Forney
et al., 1989; Leutwyler et al., 1983). Absorption spectro-
scopy of matrix-isolated ions generated in the gas phase
has been pioneered by Maier and coworkers. In their ex-
perimental setup (Leutwyler et al., 1983), ions were gen-
erated in the gas phase by electron ionization, mass-
selected by a quadrupole filter, and deposited in a frozen
neon matrix. UV-vis absorption spectra were obtained in a
total-reflection waveguide fashion. In this way, absorption
spectra of a number of small molecular ions have been
obtained that showed vibrationally resolved states. How-
ever, the most fruitful approach to ion spectroscopy has
combined light excitation with ion dissociation in what is
called action or consequence spectroscopy (Polfer &
Dugourd, 2013). This approach is based on ion photo-
dissociation that was pioneered by several research groups
in the 1970s (Dunbar, 1971) and 1980s (Hettich &
Freiser, 1986), as recently reviewed (Gunzer et al., 2019).
For example, in an early study, Dunbar used a xenon lamp
as a light source to obtain a photodissociation spectrum of
CH,CI*" in the to 380-450 nm region that showed a broad
band with an absorption maximum at 340nm
(Dunbar, 1971). Single-wavelength photodissociation of
gas-phase ions in the visible and ultraviolet regions of the
spectrum has become more widespread with the avail-
ability of compact lasers and now represents a com-
plementary method for activation and dissociation of
biomolecular ions (Brodbelt et al., 2020). Accordingly, this
review is in part focused on recent developments of UV-
vis action spectroscopy as applied to polyatomic ions re-
lated to biomolecules and transient intermediates of che-
mical reactions.

The scheme for UV-vis action spectroscopy (UVPD)
relies on a single-photon excitation from the ground
electronic state, Sy for closed shell ions, Dy for cation
radicals, or higher spin states for transition metal com-
plexes, depending on the ion ground-state spin multi-
plicity (Figure 1). The left-hand panel depicts the
situation where a bound first excited state accessed by
excitation overlaps with a dissociative higher excited
state. In this case a nonadiabatic crossing to the dis-
sociative state results in very fast dissociation, practically
in a single vibration, from the excited state. A typical
example of this type of excitation is photodissociation of
aromatic iodides (Dzvonik et al., 1974). UV photon ab-
sorption promotes electron excitation of the m — * type
within the aromatic ring, which is followed by a n* — o*
state crossing to the dissociative state, resulting in
homolytic cleavage of the C-I bond and loss of iodine.
The UV photon energy at wavelengths below 300 nm
(>400kImol™") is sufficient to break the C-I bond.
A similar mechanism has been established for photo-
dissociation of other types of organic molecules and ions,

FIGURE 1 Excitation schemes in UV-vis action spectroscopy
[Color figure can be viewed at wileyonlinelibrary.com]

such as hydrides, halides, and so on (Ashfold et al., 2010),
as applied to iodotyrosine tagged peptide ions (Kirk
et al., 2013).

For other types of chromophores, photon absorption
leads to a bound excited state (Figure 1, right panel).
In this case, the excited state undergoes a fast internal
conversion to the vibrationally excited ground electronic
state in which the excitation energy (Ej,,) is conserved and
can promote dissociations occurring on the potential en-
ergy surface of the ground electronic state. This scheme
has several implications regarding ion action spectroscopy.
First of these is that to observe “action,” the energy ac-
quired by photoexcitation must exceed the thermo-
dynamic threshold for the lowest energy dissociation. This
can be a limitation for absorption in the visible region of
the spectrum (400-700 nm) with photon energies in the
range of 3.10-1.77 eV. In addition, for photodissociation to
be observable, it must be sufficiently fast to occur on the
time scale of the measurement, which can vary from mi-
croseconds to tens of milliseconds, depending on the type
of instrument. The Figure 1 scheme presumes a resonant
absorption of a single photon. However, in case of a strong
chromophore and short excited-state lifetime, internal
conversion of the electronic excited state can occur within
a few hundreds picoseconds, and so the vibrationally hot
ground-state ion can absorb a second photon from the
same nanosecond-wide laser pulse. In this case the ab-
sorption band of the hot ion will be different from that of
the initial state, but the absorption bands of hot ions are
broad enough to ensure overlap with the laser wavelength.
An example indicating a sequential two photon excitation
is illustrated with the action spectrum of crystal violet ions
(CV*, Figure 2). The overall photodissociation spectrum
shows bands with maxima at 560 and 290 nm that are very
similar to those in the absorption spectrum of CV™ in
solution (Zollinger, 1987). The additional information
obtainable from the action spectrum is that loss of two
methyls from the CV dimethylamino groups apparently
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occurs at a lower photon energy than the loss of the first
methyl, despite the latter having a lower-energy dissocia-
tion threshold. This effect can be attributed to a sequential
absorption of two photons in the intense transition at
590 nm where excitation by the second photon drives
consecutive dissociation of two methyl groups. Other ex-
amples of action spectra involving two- or three-photon
excitation of strongly absorbing dye ions have been re-
ported (Daly et al, 2014; Forbes & Jockusch, 2011;
Wellman & Jockusch, 2015). Multiphoton excitation
schemes in the UV-vis region are not very common, al-
though multiphoton action spectra of several cyanine
dyes absorbing at the edge of the visible and near IR re-
gion (700-800nm) have been reported recently (Herve
et al., 2019).

An important component of UV-vis action spectroscopy
is spectra interpretation with the help of quantum chemistry
calculations. These greatly benefit from the development of
time-dependent density functional theory (TD-DFT) calcu-
lations (Furche & Ahlrichs, 2002) providing vertical excita-
tion energies and oscillator strength for a number of excited
states, optimized excited-state geometries, and molecular
orbital analysis of electronic transitions. The selection of the
density functional from the large and still growing number
of available hybrid schemes is often important for achieving
acceptable match between the calculated absorption spec-
trum and the experimental action spectrum. This has been
addressed in several studies (Caricato et al., 2010; Gonzalez
et al, 2012; Hait & Head-Gordon, 2021; Laurent &
Jacquemin, 2013; Leang et al., 2012; Peach et al., 2008; Riffet
et al., 2014; Silva-Junior et al., 2008; Sonk & Schlegel, 2011;
Turecek, 2015). For smaller molecular systems, currently
limited to under ca. 100 atoms but bound to increase with
the advances in computer technology, it has become man-
ageable to use correlated ab initio methods based on equa-
tion of motion, configuration interaction, or other theoretical
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selected crystal violet cation at m/z 372 [Color
figure can be viewed at wileyonlinelibrary.com]
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approaches to study excited electronic states. An equally
important development, helping the interpretation of UV-vis
action spectra of thermal ions, has been programs allowing
calculations of vibronic transitions from multiple vibrational
states of the ground-state ions (Barbatti et al., 2014). Appli-
cations of these methods have furnished theoretical absorp-
tion spectra that provided improved match with UV-vis
action spectra.

2 | INSTRUMENTATION

A successful photodissociation experiment must ensure
efficient overlap of the ion population with the light
source, which invariantly is a tunable pulsed laser. This
can be achieved on ion beam instruments, but the most
commonly UVPD has been performed with trapped ions.
To illustrate UVPD on a beam instrument, the large-scale
University of Aarhus tandem mass spectrometer (Stochkel
et al., 2011; Wyer & Brondsted Nielsen, 2012) is shown in
Figure 3. Ions are produced by electrospray ionization in a
source which is mounted on a high-voltage (+50kV)
platform. Ions are stored in a 14-pole ion trap, accelerated
by dropping to the ground potential, and mass-selected by
a large-radius inhomogeneous magnetic sector. The mass-
selected and focused ion beam is sent down a long field-
free region where the ions are intercepted by a laser beam
aligned with the ion beam. UVPD products are analyzed
according to their kinetic energies by a hemispherical
electrostatic analyzer. A specific feature of the Aarhus
instrument is that it allows one to study ion photo-
dissociations occurring on a low-microsecond time scale.
At high kinetic energies, ions are prone to collision-
induced dissociation (CID) even at low pressures of re-
sidual gas, and careful corrections must be made to dis-
tinguish CID and UVPD products.
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FIGURE 3 Top: Scheme of the Aarhus tandem instrument. Bottom: picture of the photodissociation field-free region containing

collision cells [Color figure can be viewed at wileyonlinelibrary.com]

Beam instruments were used in the early develop-
ment of ion photofragmentation spectroscopy which is a
term that preceded action spectroscopy. A common
feature of these instruments was that they used the
turning point of ion trajectories in a reflectron time-of-
flight mass analyzer as the locus for photodissociation
(Cornett et al.,, 1992; Husband et al.,, 1999). The

principle is sketched in Figure 4, omitting a number of
technical details.

Ions, accelerated from the ion source, are selected by
their arrival time when passing a pulsed electrostatic
gate, while ions of other arrival times are deflected. The
selected ion packet is focused and decelerated in the re-
flectron lens. The ion packet is intercepted by a pulsed
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FIGURE 4 Scheme reflectron-time-of-flight instrument for ion
photodissociation [Color figure can be viewed at
wileyonlinelibrary.com]

laser beam at the turning point where the ions are slowed
down to a low velocity and spatially compressed to in-
crease the absorber optical density. Photofragment ions
formed in the turning point region are reaccelerated by
the reflectron potential gradient and separated by their
flight time to provide the mass spectrum. The original
instrument of Duncan et al. used laser ablation and pulse
discharge ionization to generate metal ions that were
reacted with cold molecules from supersonic expansion
in a molecular beam (Cornett et al.,, 1992). The more
recent version by Metz et al. can be outfitted with an
electrospray ion source for making a wider range of ions
(Johnston, Gentry, et al., 2018). In addition, this second
generation instrument has a cold ion trap for the gen-
eration of ion-molecule complexes, and a second laser
intercept region that allows photofragment imaging to
determine the fragment velocity distribution and kinetic
energy release in photodissociation.

Most of UVPD action spectroscopy measurements
have so far been performed with trapped ions. A less
typical ion trap system is represented by the electrostatic
ion storage ring (ELISA) designed and built at University
of Aarhus (Andersen et al., 2002). Ions are produced by
electrospray, mass-selected, and formed into a bunch,
which is accelerated to a 22keV kinetic energy and
stored in a large electrostatic ring. Laser photodissocia-
tion of the trapped ions forms fragments of proportion-
ally lower kinetic energies, so that charged fragments do
not pass the next round of the ring or can be gated out
electrostatically. In contrast, neutral photofragments of
keV kinetic energies formed along the straight path of the
ring pass the gate and are detected in a side arm. This
instrument has been used for ion spectroscopy studies of
several polyatomic ions, such as protonated quinolones
(Klaerke et al., 2011), flavins (Lincke et al., 2018), and
retinal derivatives (Musbat et al., 2018).

photodissociation (Nolting et al., 2004). In its simplest
rendition, linear and 3D ion traps have been used to
provide analysis of photofragment ions by mass-
instability ejection or in combination with tandem mass
spectrometry (Dang, Korn, et al.,, 2019). To obtain vi-
brationally resolved spectra, there has been much inter-
est in carrying out photodissociation of trapped ions that
were radiatively cooled to low temperatures (Alata
et al.,, 2013; Bieske & Dopfer, 2000; Choi et al., 2009;
Wang & Wang, 2008). The performance of a single ion
trap, when used for all ion manipulations, has been
shown to be adversely affected by the thermal contrac-
tion of the trap electrodes at low temperatures (17 K),
which resulted in mass-scale shifts. This effect has been
shown to be more significant at higher m/z values and its
correction required a careful recalibration of the mass
scale (Tesler et al., 2018). Hence, low-temperature UVPD
measurements have been performed in a tandem set up,
whereby the cold ion trap was used to store the ions to be
photodissociated, while mass analysis of photofragment
ions was accomplished after ejecting all ions to be ac-
celerated and separated by a time-of-flight mass analyzer.

The difference between the action spectra of room-
temperature and cold ions can be illustrated with pro-
tonated uracil. The room-temperature ion showed two
broad absorption bands for the excitation from the
ground-state singlet state (Sy) to the S; and S, excited
states with maxima at 300 and 255nm, respectively
(Pedersen et al., 2014). Transitions between vibrational
states, 0 - 0’, 1 — 0’, 0 —» 1’, and so on, were not resolved
under these conditions. The action spectrum of cold ions
obtained at 20-50K showed the same bands at
268-320 nm and 230-258 nm that were vibrationally re-
solved (Berdakin et al., 2014). The resolution and as-
signment of the vibrational bands allowed the authors to
identify different ion tautomers. For example, the bands
for protonated uracil were identified as belonging to the
0-2, 0-4 (230-258 nm), and N-3, O-4 (268-320 nm) tau-
tomers formed by electrospray. In contrast, protonated
cytosine and thymine were found to be formed as single
tautomers (Berdakin et al., 2014).

UV photodissociation of cold ions is the basis of two
other techniques. One uses combined fixed-wavelength
UV photodissociation and scanned IR excitation that
provides information on ion vibrational modes. In this
approach (dip spectroscopy), a vibrationally resolved
transition in the ion UV spectrum is selectively excited,
leading to photodissociation. This requires a suitable
chromophore, often an intense m — 7* transition in an
aromatic group. The precursor ion is simultaneously
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irradiated by a tunable infrared laser, whereby a 0 — 1
excitation of a resonant vibrational mode depopulates the
v=0 state, resulting in a diminished photodissociation
yield (a dip) (Rizzo et al., 2009). The instrumentation and
applications of UV-IR double-resonance spectroscopy
have been reviewed (Bakels et al., 2019; Booth et al., 2016;
Burke et al, 2015; Lemmens et al, 2020; Singh &
Patwari, 2008; Svendsen et al., 2010) and will not be
covered in this article.

The other technique uses noncovalent adducts of cold
analyte ions with inert gas atoms (Ne, Ar) or molecules
(D5, N,) admitted to the cold ion trap. This technique has
found its main applications in single-photon infrared
action spectroscopy (Bieske & Dopfer, 2000), but it has
also been used for photodissociation in the UV-vis region
(Jasik et al., 2015; Navratil et al., 2017; Srnec et al., 2018).

A UV-UV hole-burning experiment for gas-phase ions
has been reported (Feraud et al., 2014). In this two-laser
experimental setup, a population of ions is irradiated by
the first laser in a cold ion trap, ejected, accelerated to
keV kinetic energies, and sent to a time-of-flight analy-
zer, where the ions are intercepted by the second (probe)
laser. Photodissociation products formed in this region
are detected as neutral fragments of keV kinetic energies
while ion products are stopped by an electrostatic gate.
Hole burning is observed as depopulation of ions due to
irradiation in the cold trap.

There has been a number of stable, polyatomic, even-
electron gas-phase cations and anions generated by
electrospray ionization for which UV-vis action spectra
have been measured and interpreted. Among anions,
firefly luciferin (Stechkel et al., 2011), nitrophenolates
(Dodson et al., 2018; Pedersen & Nielsen, 2018), and
DNA anions (Daly et al., 2019; Marlton et al., 2019) have
been the most popular targets. The range of cations
studied by UV-vis has been much wider, ranging from
simple metal complexes to biomolecular ions.

3 | METAL COMPLEXES

The groups of Brucat and Duncan have reported a number
of studies in which vibrationally resolved UV action spectra
of weakly bound metal complexes were used to glean
binding energies and vibrational structure of excited elec-
tronic states. These primarily involved atomic complexes of
singly charged ions, such as [Co*Ar] and [Co™Kr] (Lessen
& Brucat, 1989) and [V'Ar] and [V'Kr] (Lessen &
Brucat, 1989), absorbing in the visible region above 600 nm,
and [Mg*Ar] and [Ca*Ar]| absorbing in the UV region
(Duncan, 1997). Metz and coworkers have studied a range of
complexes of singly charged transition metal ions with small
molecules, such as [NitOH], [Ni*(H,0)] (Daluz et al., 2012;

WILEY——

Thompson et al, 2000), [Ni*(H,0),;] (Thompson
et al, 2000), [Au*(C,H,)] and [Pt"(C,H,)] (Stringer
et al, 2004), [V'(OCO)] (Citir et al., 2006), [TiO*(CO,)]
(Perera & Metz, 2009), [Co*(H,0)] (Kocak et al., 2013),
[Mn*(H,0)] (Pearson et al, 2014), [Cr'(NH,)] (Ashraf
et al., 2018), and MnO" (Johnston, Gentry, et al., 2018). A
VUV photoionization study of Au™ reactions with ethylene
and acetylene has been reported (Metz et al., 2019).

Among those, these authors used ion-molecule reac-
tions of FeO* with methane to generate a jet-cooled aquo
carbene complex, [H,C=Fe-OH,]*. An isomeric inser-
tion intermediate, [HO-Fe-CH;]*(Aguirre et al., 2002)
was generated by an ion-molecule reaction with me-
thanol. Both these ions have been considered as ther-
modynamically stable high-spin intermediates of the
important Fe-catalyzed oxidation of methane to metha-
nol (Crabtree, 1995). [H,C=Fe-OH,]* was characterized
by the vibrationally resolved band having an onset at
730 nm which indicated a photodissociation threshold of
1.7eV. The spectrum of [HO-Fe-CH;]* was distinctly
different, showing a well resolved band with an onset at
325nm with three vibrational progressions due to the
Fe-C (v;;) and Fe-O (vg) stretching modes, and an
O-Fe-C bending mode (v14) that were assigned using the
spectrum of [HO-Fe-CD;]* (Aguirre et al., 2002;
Metz, 2004). Action spectra of complexes of transition
metal dications with small molecules have been reported
for [Co*(H,0),.,] (Faherty et al., 2001), [Co**(CH;0H),.
;] (Thompson et al., 2005), [Co**(CH;CN),(H20),,,], and
[Ni**(CH;CN),(H20),,] (Metz, 2004; Perera et al., 2011).

The photodissociation action spectrum of Au,*,
cooled to 150K and acquired in the 300-700 nm range,
has been recently reported (Foerstel et al., 2020). Theo-
retical interpretation of transitions in the vibrationally
resolved 310-330nm band in the spectrum required
high-level calculations at the multireference CASSF-
MRCI level including relativistic treatment of spin-orbit
coupling. No less than seven electronic states have been
considered in the spectra interpretation. The authors
pointed out that DFT calculations were inadequate for
this electronically complex system. Chromium dimer
ions, Cr, have been studied by cold-ion spectroscopy at
7-10K (Egashira & Terasaki, 2015). The ions were found
to be extremely susceptible to ion-molecule reactions
with residual O, that were prevented by oxygen cryo-
trapping. Both absorption and action spectra of Cr,*
were obtained and compared, giving an absorption
maximum at 2.21 eV (560 nm).

The electronic properties of the prototypical CuO™
ion have been studied using a complex with CH;CN
(Srnec et al., 2018). The choice of the complex was dic-
tated by the high reactivity of naked CuO™ which did not
survive passage through the high pressure region of the
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electrospray ion source. The cold [CuO*(CH5CN)] com-
plex at 5K was tagged with Ne, and action spectra were
obtained in the visible and near-IR wavelength regions.
The spectrum showed band progressions in the
500-600 nm region due to multiple transitions from the
*A ground state to triplet excited electronic states.
UV-vis action spectroscopy has been used to identify
products of gas-phase addition of water to 2,2"-bipyridine
complexes of metal oxide ions (bpy)Met=0%, (Met = Cu,
Ni, Co), that were generated in the gas-phase by
collision-induced dissociation of ternary nitrate com-
plexes (Dang, Nguyen, et al., 2018). The mass-resolved
action spectra allowed a distinction to be made between
isomeric water complexes of (bpy)Cu=O" and (6-
hydroxy-2,2'-bipyridine)Cu* (Figure 5). The water ad-
ducts to (bpy)Cu=0O" were assigned to a mixture of
singlet [Cu(bpy)(OH),]*, in which the water molecule
was split into two Cu-bound OH groups, and triplet [Cu
(bpy)(O)(OH,)]"isomers. The substantially more stable
[Cu(6-hydroxy-2,2"-bipyridine)(OH,)] fisomer has been
clearly distinguished not only by the absorption band

maxima (Figure 5), but also by the major channel
for photodissociative elimination of water. In contrast,
the [Cu(bpy)(OH),]* complex underwent photochemical
loss of OH, resulting in a near-UV splitting of the co-
ordinated water molecule. The mass-resolved photo-
dissociation channels added another degree of specificity
to isomer distinction by UV-vis action spectroscopy.
Nitrogen tagging of cold ions has been used to ob-
tain action spectra of metal tris-(2,2"-bipyridine)
complexes of Fe, Os (Xu et al.,, 2017), and Ru (Xu
et al.,, 2016a), following a broader survey study of
photodissociation of thermal tris-bpy complexes of Mn,
Fe, Co, Ni, Cu, and Zn dications (Xu et al., 2016b). The
tris-(2,2'-bipyridine)ruthenium(III) ion has been the
subject of earlier studies that used thermal ions
(Kirketerp & Nielsen, 2010; Stockett & Broendsted
Nielsen, 2015). Larger metal-coordinated ions have
been studied by action spectroscopy, as reported
for heme nitrosyl cations (Wyer & Brendsted
Nielsen, 2012), and dibenzo-18-crown-6-ether com-
plexes of alkali metal cations (Choi et al., 2009).

1.0 —r——r—fr e
10 L T T T
0.9 4 0.9 A mz219
v m/z 236, loss of OH
0.8 A m/z 235, loss of H,0
0.8 0.7 4 ® Sum of fragment ions
> 074
k%)
C
L 06
£
S 05
5
£ 0.4 +
s
L: 03 - 250 300 350 400 450
0.2 4 v m/z 236, loss of OH
v A A m/z235, loss of H,0
0.1 Ww ® Sum of Fragment lons
0.0
T T T LI LI R T T T LI LA 1
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N~ N N~ l A
] i N ‘\ .

\\/\?/\fx ~ Yf\

AN AN g \A/
\ : &
[Cubpy(OH),]" (sg) [Cubpy(O)(OH,)I* (tp)

[Cu(6-OH-bpy)(OH,)I*

FIGURE 5 UV-vis action spectra of [Cu
(bpy)(O,H,)|" isomers and [Cu(3-OH-bpy)
(H,0)]* complex (inset) (Dang, Shaffer,

et al., 2018). The color coding in the structure
drawings is as follows: C, cyan; Cu, green; H,
gray; N, blue; O, red [Color figure can be viewed
at wileyonlinelibrary.com]
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4 | MISCELLANEOUS
ORGANIC IONS

Action spectra of a number of polyatomic gas-phase ions
have been reported that naturally included ions possessing
strong chromophores with aromatic and heteroaromatic
systems (Soorkia et al, 2020). UV-vis action spectra
have been reported for protonated tryptophan (Nolting
et al., 2004) and dipeptide Leu-Trp ions (Nolting et al., 2006),
indole (Alata et al., 2013), N-methylpyridinium (Hansen,
Kirk, Blanksby & O'Hair, & Trevitt, 2013), nicotinamide
(Matthews & Dessent, 2016), quinoline and isoquinoline
(Hansen et al., 2015), and rhodamine 575 (Daly, Kulesza,
Knight, et al., 2015). Spectra of cold rhodamine ions (Rho-
damine 123, 110, and its Ag salt) have been obtained at 3K
using the helium-tagging technique (Jasik et al., 2015), and
the effects of ion temperature and tagging have been in-
vestigated in another study (Navratil et al., 2017). Among
other aromatic ions, action spectra have been reported for
the conjugated tripyrrole prodigiosin (Drink et al., 2015),
quinazoline (Marlton et al., 2020), haloanilinium ions
(Hansen, Kirk, Blanksby & O'Hair, & Trevitt, 2013), tauto-
mers of protonated aminonaphthalenes (Noble et al., 2018),
azobenzenes (Feraud et al., 2016), and vinylheptafulvene
derivatives (Elm et al.,, 2015). Cold corannulene cations
embedded in helium nanodroplets have been studied by
action spectroscopy (Gatchell et al, 2019). Spectra of
host-guest complexes of protonated aniline with crown
ethers have been reported (Inokuchi et al., 2015). A salient
feature of UV-vis action spectra was their ability to distin-
guish protomeric ion structures that often showed distinct
absorption bands. This has provided a new tool to studies of
ion structure in addition to the more traditional multiphoton
infrared action spectroscopy (Eyler, 2009; Polfer, 2011).

This feature of UV-vis action spectra is illustrated
with protonated lumiflavin ions that can exist as N1 or
02 protomers (Mueller & Dopfer, 2020) (Scheme 1).
Protonation of lumiflavin in solution has a large effect on
the absorption spectrum where the S; band maximum
shifts from 441 nm in the neutral form to 394 nm in the
protonated form. The 420-500 nm band in the action
spectrum of the cold (20K) ion showed a vibronic
structure that indicated the presence of the lower-energy
02 isomer (HLF(02)*), but also the N1 isomer (HLF
(N1)* that was detected for the first time. The authors
pointed out differences between the action spectra of cold
naked cations and the absorption and fluorescence
spectrum of neutral lumiflavin measured in superfluid
helium nanodroplets (Vdovin et al., 2013). The photo-
dissociation spectrum of protonated lumichrome has also
been reported (Sheldrick et al., 2018).

A related group of studies included protonated nu-
cleobases and nucleosides, as first reported for adenine

HsC N N O HLF(N1)*O
z
Y <
Z NQ
H;C N H CI;HS
0] HsC N N 2 OH
o Y
HsC N H
9]
HLF(02)*

SCHEME 1 Protonation of lumiflavin and N1 and O2 ion
tautomers

(Cheong et al., 2011; Marian et al., 2005; Nolting &
Weinkauf, 2007), and then for adenosine (Pedersen
et al., 2013), uracil and thymine (Pedersen et al., 2014),
other nucleobases (Berdakin et al., 2014), and base-pair
homodimers (Feraud et al., 2015).

At the high-mass end of action spectroscopy measure-
ments, dye-loaded silicon oxide nanoparticles have been re-
ported to absorb at 600 nm when irradiated in an ion trap.
These experiments used a cold ion trap, and light absorption
was monitored by desorption of N, molecules adhering to
the cold nanoparticle ion surface (Hoffmann et al., 2020).

5 | ACTION SPECTROSCOPY IN
COMBINATION WITH ION-
MOBILITY

UVPD action spectroscopy is amenable to being coupled to
other tandem mass spectrometry methods involving special
techniques for ion generation and separation. On-the-fly ion
separation before and after UVPD has been realized by
Bieske at al. in a specially built instrument involving ion
mobility drift regions (Adamson et al., 2013, 2014). Scheme 2
shows a simplified sketch of the instrument, incorporating
two curved drift regions for ion mobility separation (IMS) of
precursor and photo-product ions. In one mode of operation,
a packet of precursor ions selected by the first ion-mobility
drift region are irradiated by a transverse light beam from a
tunable laser in the region between the first and second IMS.
The products, which often are photoisomers, together with
the initial ion population are separated by the second IMS,
mass analyzed by a quadrupole mass filter, and detected.
The instrument has chiefly been used to study photo-
isomerization of carbocyanines dyes such as merocyanine-
spiropyran (Markworth et al., 2015), but also other inter-
esting model ionic systems such as E and Z-azobis(2-
imidazole) (Bull et al., 2017), retinal derivatives (Coughlan
et al.,, 2014, 2016), and a C,H;" ion (Catani et al., 2017).
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SCHEME 2 Combination of UV-vis action spectroscopy with
ion mobility. Adapted from Bull et al. (2017) [Color figure can be
viewed at wileyonlinelibrary.com]

Other studies by the same group included prototropic iso-
merization of p-coumaric acid anions (Bull et al., 2019), and
flavin mono- and dianions (Bull et al., 2018). In a compre-
hensive study of multiple ion isomers (Bull et al., 2019),
the authors used ion mobility to resolve p-coumaric
(4-hydroxycinnamic) carboxylate and phenolate anions as
E, Z-geometrical isomers produced by electrospray and
collisional activation in the ion funnel (Scheme 3). Irra-
diation in the 300-380 nm region of the arrival-time selected
carboxylate E-anion resulted in isomerization to the more
stable phenolate anion that has been resolved by ion mo-
bility in the second drift region. The phenolate anion
showed a distinct absorption maximum at 430 nm that was
outside the wavelength region used for photoisomerization.
An oxo-protomer has been identified as a minor product
of photoisomerization. In contrast, irradiation of the
Z-carboxylate anion with a maximum at 320 nm chiefly
resulted in electron photodetachment.

A recent modification of a Sciex Qtrap 5500 tandem
mass spectrometer has been reported. The mass spec-
trometer was furnished with a tunable laser irradiating
mass-selected ions that were stored in the Q3 linear ion
trap. The authors utilized a front-end differential mobi-
lity region to separate quinoline and isoquinoline ions

(Matthews & Dessent, 2016). UV-vis action spectra ob-
tained on this instrument were shown to be comparable
to the spectra obtained previously (Hansen et al., 2015).
The combination of ion mobility and UV-vis action
spectroscopy has also been applied to distinguish proto-
nation isomers of quinazoline (Marlton et al., 2020).

6 | UV-VIS ACTION
SPECTROSCOPY OF CATION
RADICALS AND TRANSIENT
INTERMEDIATES

The multistage capabilities of an ion trap have been
conducive to experimental designs for the generation of
polyatomic reactive ion species to be studied by UV-vis
action spectroscopy. For example, the combination of
tandem CID with UV-vis action spectroscopy (CID-
UVPD-MS?) has been used to generate and study several
cation radicals related to nucleobases. Cation radicals of
cytosine (Lesslie et al., 2017), guanine, 9-methyl guanine,
and 2'-deoxyguanosine (Dang, Korn, et al., 2019), ade-
nine, and 9-methyladenine (Huang, Dang, et al., 2020)
have been generated by the technique developed by
O'Hair and coworkers (Wee et al., 2005). This consists in
producing by electrospray ionization a doubly charged
ternary complex of the neutral nucleobase with a tran-
sition metal (typically Cu®*) and an auxiliary polydentate
ligand, such as 2:2',6":2"-terpyridine (Scheme 4).

CID of the mass-selected complex results in in-
tramolecular electron transfer, ionizing the nucleobase
and separating the singly charged product ions. The UV-
vis action spectra of cation radicals of adenine, guanine,
their methyl homologues, as well as those of cytosine
have been interpreted as belonging to ground doublet
states of canonical structures with bond connectivities
analogous to those in the neutral nucleobases. The ade-
nine, 9-methyladenine, guanine, 9-methylguanine and
riboguanosine cation radicals showed weak absorption

©
Ny 400 collisional N
activation o
- COOe
HO HO
hv, minor¢ m‘
\ COOH

. _Cc00°
o
0 g
H H

SCHEME 3 Thermal and photochemical
isomerization of p-coumarate anions
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bands in the visible region of the spectrum, typically
between 500 and 600 nm that have been assigned to
1, — 1, (SOMO) inner electron excitations within the
B-electron manifold. Transitions to the first excited states
(A) have been calculated to be dipole disallowed and did
not give rise to detectable absorption bands. These fea-
tures, both the absorption wavelength and type of elec-
tron excitation to low excited states, distinguish the
cation radicals from closed-shell nucleobase ions that do
not absorb above 300 nm (Berdakin et al., 2014; Cheong
et al., 2011; Feraud et al., 2015; Marian et al., 2005;
Nolting & Weinkauf, 2007; Pedersen et al., 2013;
Pedersen et al., 2014), and whose excitations are of the
i, — 1,* type. In addition to natural nucleobases, the
Scheme 4 reaction sequence has also been used to
generate cation radicals of synthetic, so-called hachimoji
nucleobases (Hoshika et al.,, 2019; Hutter & Benner,
2003) containing modified ring systems or substituents
(Figure 6).

The cation radicals of B, P, and Z hachimoji nucleo-
bases displayed UV-vis action spectra that indicated ca-
nonical structures corresponding with those of the
neutral molecules. For example, the spectrum of hachi-
moji B showed very similar bands (1,,,x = 215, 263, 330,
and 355nm with a shoulder at 400nm) to those in
the spectrum of guanine cation radical (Huang &
Turecek, 2020, 2021). The longest detected wavelength
band extending to the visible region was due to a T, > 7,
excitation to the third (C) excited state while excitations
to the A and B states at 620 and 494 nm, respectively,
were of the dipole-disallowed m,, — 7, type. Interest-
ingly, the six lowest excited states of B*" in the
320-620 nm region all arose by excitations to the SOMO
within the f-orbital manifold.

In addition to the formation of canonical nucleobase
cation radicals, electron transfer in [Cu(terpy)nucleo-
base]**" complexes has been found to result in the for-
mation of isomerized, Noncanonical cation radicals for
thymine (Dang, Nguyen, et al., 2018) and hachimoji S
base (Huang & Turecek, 2020) (Figure 7). The iso-
merization involved hydrogen atom migration from the
methyl group onto a ring heteroatom.

i terpyridine i
i Nucleobase }

Solution

SCHEME 4 Formation of gas-phase
nucleobase cation radicals

WILEY
H\ /H
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“*H—N /
\ H

FIGURE 6 Base pairs of hachimoji nucleobases Z, P, S, and B
[Color figure can be viewed at wileyonlinelibrary.com]

The action spectrum of the thymine ion showed dis-
tinctive absorption bands at 350 and 520 nm that were
absent in the theoretical vibronic spectrum of the cano-
nical isomer (Dang, Nguyen, et al., 2018). The 1-
methylcytosine ion showed bands at 470 and 580 nm that
distinguish it from the calculated vibronic spectrum of
the canonical isomer. The major bands in the experi-
mental spectra of both noncanonical thymine and 1-
methylcytosine ions have been assigned to allowed
T, — T,;* transitions from the SOMO to the virtual orbital
space. In contrast, the low-energy electron excitations in
the canonical thymine and methylcytosine cation radical
isomers were all internal, involving transitions to SOMO
within the {-electron manifold.

A noncanonical isomer of 9-methyladenine cation
radical (Figure 7) was synthesized in the gas phase by
CID-MS®> of protonated 9-iodomethyladenine and
characterized by UV-vis action spectroscopy (Huang
et al., 2021). The spectrum showed a composite band at
360 and 400 nm from excitations to the A and B states
that distinguished the ion from the canonical adenine
cation radical that absorbed at 580 nm. According to the
molecular-orbital representation of electron excitations
(Figure 8), the lowest energy excitation in the canonical
[9-methyladenine]*" isomer occurred by a transition
within the {-electron manifold. By contrast, the non-
canonical isomer of 9-methyladenine cation radical
showed excitations via 7, — 7,* transitions from the
SOMO and underlying molecular orbitals to the virtual
orbital space.

Oxidation of Cu®* (terpy) complexes has also been
used to generate tyrosine-containing peptide cation

Gas phase
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FIGURE 7 Noncanonical isomers of thymine, 1-
methylcytosine, and 9-methyladenine cation radicals
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radicals differing in their amino acid sequence, Tyr-
Ala-Ala-Ala-Arg (YAAAR) and Ala-Ala-Ala-Tyr-Arg
(AAAYR). These have been shown by UV-vis action
spectroscopy to generate different types of peptide cation
radicals (Viglino et al., 2016). [YAAAR]"" was identified
as an arginine-protonated tyrosyl O-radical which
showed bands at 260, 300, and 360 nm in the UV-vis
action spectrum, matching the absorption bands from
TD-DFT calculations (Figure 9). Contrasting this, the
action spectrum of [AAAYR]*" showed multiple poorly

3.52 eV
___ifr=0064
B
MO40a 343 eV
f=0.014
A
MO39
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f=0.015
SOMO ~
3.84 eV D
f=0.004
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H
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/CZ\ H

FIGURE 8 Molecular-orbital representation of electron excitations in canonical (left panel) and distonic (right panel) isomers of
9-methyladenine cation radical [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Top: UV-vis action spectrum of L

YAAAR™*" generated from a [Cu(terpyYAAR]**"
complex. Bottom: wB97X-D/6-31+G(d,p) TD-
DFT absorption spectrum [Color figure can be

o
o
1

viewed at wileyonlinelibrary.com]
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resolved bands that according to TD-DFT calculations
were assigned to a mixture of Arg-protonated isomers
with radicals in the aromatic ring and C, peptide
positions.

In contrast to gas-phase oxidation leading to nucleo-
base and peptide cation radicals, reduction methods,
based on electron transfer in gas-phase dication-anion
reactions, have been used to generate a number of peptide,
nucleoside, and oligonucleotide cation radicals and obtain
their UV-vis action spectra. In a series of studies, peptide
fragment ions of the z-type, [HC'(R)CONH-]*, generated
by electron transfer dissociation (Syka et al., 2004) of
multiply protonated peptides, have been studied by UV-vis
action spectroscopy (Imaoka et al, 2018; Nguyen
et al., 2015, 2017; Pepin et al., 2017; Shaffer et al., 2015).
For example, the [*Ala-Thr-Ala-Arg]|*z-ion, produced by
ETD of (AATAR + 2H]**, has been shown to have the
structure with a protonated arginine and the radical site at
the terminal Ala C, (Figure 10) (Nguyen et al., 2017).

The near-UV band with a maximum at 340-360 nm
has turned out to be highly characteristic of peptide
terminal C, radicals. According to molecular orbital ana-
lysis, it corresponds to an excitation to the doublet B state
by an allowed 7, — 7, transition of a (-electron from a
lower molecular orbital to the SOMO (Shaffer et al., 2015).
In contrast, peptide cation radicals with the capto-dative

250 300 350 400 450 500 550 600

A (nm)

[-NH-C'(R)CONH-]* chromophore absorb at shorter
wavelengths (Pepin et al., 2017). This selectivity has al-
lowed the authors to distinguish spontaneous isomeriza-
tions of z-type ions having terminal Asn, Asp, Gln, and
Glu residues that have been found to facilitate intra- and
inter-molecular hydrogen atom transfer, moving the ra-
dical site from the N-terminal C, position to internal po-
sitions within the peptide backbone (Imaoka et al., 2018).

UV-vis action spectroscopy has also been used to char-
acterize several DNA and RNA nucleotide cation radicals
that have been generated by electron transfer in the gas
phase (Turecek, 2021). Upon one-electron reduction of di-
cations, DNA dinucleotides and RNA chimeras (Korn
et al., 2017; Liu et al., 2018) have been found to undergo a
conformational collapse accompanied by exoergic proton- or
hydrogen-atom transfer between the adenine cation and
radical-carrying rings (Korn et al., 2017), and between the
cytosine radical and guanine cation (Liu et al., 2018). This
kind of an isomerization was found to depend on the di-
nucleotide sequence, occurring in (GC +2H)** but not in
(CG+2H)*" or (CC+2H)*" (Liu et al., 2019). Analogous
proton/hydrogen atom transfers were revealed by analyzing
UV-vis action spectra of tetranucleotide cation radicals
(GATC +2H)*", (AGTC + 2H)** (Huang, Liu, et al., 2020),
and (GATT +2H)*" and (AGTT+2H)*" (Liu, Huang,
et al., 2020). These isomerizations occurred spontaneously
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A s the z4 ion from electron-transfer dissociation of
-
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2 | ¢ N photofragment ion intensities. (B) Calculated
% T o i;f TD-DFT transition energies and vibronic
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® R . 310K [Color figure can be viewed at
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upon one-electron reduction and were facilitated by very low
transition state energies for nucleobase ion-radical interac-
tions. RNA nucleoside radicals tagged at ribose with a fixed
charge 6-(trimethylammonium)-1-hexaminecarbonyl appen-
dage have been generated in the gas phase (Liu, Ma, Leonen,
et al,, 2021; Liu, Ma, Novakova, et al. 2021; Liu, Huang,
et al., 2020) to be studied by UV-vis action spectroscopy. To
obtain stable charge-tagged nucleoside radicals, the electron-
transfer ion-ion reaction was carried out with noncovalent
complexes of the respective doubly charged ions with a
crown ether, which resulted in reduction and loss of the
ligand while keeping the nucleoside cation radicals from
dissociating. UV-vis action spectra of singly charged con-
jugates have also been reported in which the chromophore
was a neutral nucleobase (Liu, Ma, Leonen, et al., 2021; Liu,
Ma, Novakova, et al., 2021; Liu, Huang, et al., 2020). These
have been the only measurements of UV-vis spectra of
neutral nucleosides in the gas phase.

7 | VACUUM UV ACTION
SPECTROSCOPY

A special application of action spectroscopy concerns ex-
citations by photons in the 5-14eV energy region corre-
sponding to a 248-89 nm range of wavelengths. The high
end of this wavelength range overlaps with standard UV
where the excitations involve valence-bond electrons. At the
lower end, both excitations from low-energy orbitals and

460 480 500

higher excited states are sampled. Photons in this region are
produced by synchrotron radiation and used to irradiate ions
that are formed by electrospray and stored in an RF ion trap,
also functioning as a mass analyzer, which is attached to the
synchrotron (Milosavljevic et al, 2011, 2012, Rankovic
et al,, 2016). The spectra are plotted as energy-dependent
cross sections of photofragmentation ion channels. This
technique has been applied to a few ions, for example, per-
fluorooctanoate anion (Douix et al, 2018), protonated
leucine-enkephalin (YGGFL) (Rankovic et al., 2015), and
polysaccharides (Enjalbert et al., 2013). The peptide VUV
action spectra showed a strong feature at ca. 6.9 eV (180 nm)
that has been assigned to a peptide m,m;* electronic transi-
tion. Remarkably, the photodissociation mass spectra in the
reported range of photon energies displayed fragment ions
typical for peptide collision-induced dissociation.

8 | PHOTODISSOCIATION,
FLUORESCENCE SPECTROSCOPY,
AND INTRAMOLECULAR FORSTER
RESONANT ENERGY TRANSFER
(FRET) IN BIOMOLECULAR IONS

Detecting light emission from electronically excited gas-
phase ions was one of the early applications of ion spectro-
scopy (Allan et al., 1976, 1978; Maier, 1988). With the advent
of ion trapping techniques (Stockett et al., 2016), fluores-
cence measurements of gas-phase ions have been made
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SCHEME 5 Photodisociation of green fluorescent protein
chromophore anions

possible for strong chromophores in combination with ac-
tion spectroscopy. The light-absorbing chromophore of the
green fluorescent protein (GFP) has been studied in its anion
form (HBDI") in the gas phase (Forbes et al., 2009, 2011).
Irradiation of the anion was found to result in two major
competitive processes which were loss of a methyl at 495 nm
and electron detachment at 445 nm (Scheme 5). Consistent
with solution studies, the anion showed no detectable
fluorescence, indicating very rapid deactivation of the excited
states by internal conversion. More recently, Fielding et al.
studied the energetics of electron photodetachment from
HBDI™ and its several analogues (Bochenkova et al., 2017;
McLaughlin et al., 2017; Mooney et al., 2012). HBDI™ was
found to have an adiabatic electron detachment threshold of
2.73 eV, representing the electron binding energy of the S,
state. The photodetachment threshold was assigned to the
So — Dy electron excitation (Bochenkova et al., 2017). The
molecular geometry of HBDI™ with respect to the E or Z
configuration at the exocyclic double bond has been studied
by cold-ion spectroscopy of an [HBDI «N,] adduct (Zagorec-
Marks et al., 2019). The assignment was primarily based on
an infrared action spectrum, but the vibrational profile of the
absorption band at 476 nm was also consistent with the as-
signed Z geometry of the ion. UVPD spectra were also re-
ported for untagged HBDI™ that showed a ca. 10nm blue
shift of the main band as temperature was varied from 300 to
30K. A 5-nm red shift was found due to the presence of the
N, tag.

Fluorescence and photodissociation were compared in
a study of gas-phase fluorescein (Yao & Jockusch, 2013)
and rhodamine 110 cations. Both processes showed the
same absorption maximum at 460nm (Wellman &
Jockusch, 2015). However, the band in the photo-
dissociation spectrum due to loss of CO, was found to be
narrower than the band for fluorescence emission. Power
dependence measurements revealed that photodissocia-
tion required absorption of three photons while fluores-
cence was achieved with a single-photon excitation.

Action spectroscopy has been combined with Forster
resonance energy transfer (FRET) in gas-phase ions
tagged with fluorescent groups (Daly et al., 2014, 2018).

SCHEME 6 Chromophore tags used for a study of FRET
effects in gas phase peptide ions. Broken lines indicate bond
dissociations in the receptor that were used to study FRET. FRET,
Forster resonance energy transfer

This has been first applied to peptide polyalanine ca-
tions that were grafted at the N- and C-termini with
QSY7 and carboxyrhodamine 575 (rh575) (Scheme 6)
chromophores that showed different absorption max-
ima at 545 and 505 nm, respectively. Irradiation of the
donor rh575 chromophore resulted in a dissociation of
the receptor QSY7 chromophore providing evidence for
electronic energy transfer. The FRET efficiency was
shown to depend on the spacing between the donor and
chromophore units that was varied by increasing the
length of the peptide chain. An analogous FRET ap-
proach has also been used to study the conformations of
gas-phase ions from amyloid peptides (Daly et al., 2015;
Kulesza et al., 2016).

A different kind to energy transfer was investigated
for peptides in which a cysteine residue was conjugated
into a disulfide with 1-propanethiol (PT) or another
cysteine-containing peptide (Hendricks et al., 2014).
Peptides with aromatic residues (Trp, Tyr) showed pho-
tochemical cleavage of the S-S bond upon irradiation at
wavelengths where Trp and Tyr strongly absorb, for ex-
ample, at 290 and 266 nm, respectively. In contrast,
peptides lacking these absorbers did not undergo pho-
todissociation. Because disulfides do not strongly absorb
light at these excitation wavelengths, the S-S bond pho-
todissociation was attributed to a Dexter excitation en-
ergy transfer from the excited state of the aromatic
chromophore to the disulfide.

9 | CIRCULAR DICHROIC
ACTION SPECTRA

The structure information obtainable by UV-vis action
spectroscopy has been further extended by measurements
of circular dichroism of gas-phase DNA anions (Daly
et al., 2020). Right-handed G-quadruplex ammonium
complexes, D-(dTGGGGT),(NH,"); (D-TG4T)) and their
left-handed image L-(dTGGGGT),(NH,"); (L-TG4T) were
generated by electrospray as —5 ions in the gas phase and
their action spectra were measured in the 230-295nm
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region by monitoring electron photodetachment (ePD).
The irradiating laser beam was left or right circularly
polarized, LCP or RCP, respectively. Circular dichroism
was monitored as the wavelength-dependent relative dif-
ference in the photodetachment yields produced by the
right-handed and left-handed laser beams, (Yield““
P_Yield®“"), that was expressed by factor gepp according to
formula (1):

_AePD Yield 55¥ — Yield RSP
80 = "opp T =7 Yiewd i P + vied£? | (D

The gepp plotted for the enantiomeric DNA ions
showed opposite phases differing by 0.001%-0.002% that
resembled similar phase differences in circular dichroism
spectra in solution. The method was also applied to a
mixture of other G-quadruplex penta-anions that were
generated as complexes with potassium ions. Obviously,
very careful measurements of ion photodetachment
yields are critical in these experiments to distinguish the
enantiomers.

10 | SUMMARY AND OUTLOOK
UV-vis action spectroscopy is applicable to a wide range
of gas-phase polyatomic ions, providing information on
their electronic structure. When applied to thermal
ions, UV-vis is associated with band broadening be-
cause of unresolved vibrational states of polyatomic
ions. This handicap can be removed or mitigated by
cold-ion spectroscopy that can resolve vibrational states
and provide vibrationally selected photodissociation to
be further elaborated in depopulation (hole-burning)
spectroscopy schemes such as in UV-IR. Despite being a
low resolution method in the wavelength domain, UV-
vis action spectroscopy enjoys some advantages against
IR spectroscopy of gas-phase ions. First, the multi-
channel nature of UV-vis photodissociation allows one
to monitor different fragment ion channels and thus
obtain information on the excited electronic states ac-
cessed by photon absorption. The other favorable fea-
ture is that UV-vis excitation is mostly a single-photon
process, which is advantageous for comparing experi-
mental action spectra with calculated absorption spec-
tra. Finally, structure features, such as strong hydrogen
bonds, that result in large amplitude vibrations strongly
affect band intensities in IR action spectra. Such effects
are much less serious in UV-vis spectroscopy. This
makes UV-vis action spectroscopy suitable for studying
larger molecular systems, as documented for peptide
and DNA cations and anions.
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