Chapter 12 )
Excited States Processes in Protonated Guca i
Molecules Studied by Frequency-Domain
Spectroscopy

Jennifer Noble, Claude Dedonder-Lardeux and Christophe Jouvet

In Protonated phenylalanine or tyrosine

Optical excitation leads to electron transfer from the aromatic ring
to the NH;* or to the carbonyl

which triggers

* H loss

* H transfer to CO then CO+H,O loss

* H transfer to the ring then C,-C; bond breaking

© Springer Nature Singapore Pte Ltd. 2019 337
T. Ebata and M. Fujii (eds.), Physical Chemistry of Cold

Gas-Phase Functional Molecules and Clusters,

https://doi.org/10.1007/978-981-13-9371-6_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9371-6_12&domain=pdf
https://doi.org/10.1007/978-981-13-9371-6_12

338 J. Noble et al.

Abstract In this chapter we will review the processes at play in the excited states of
protonated molecules. More specifically, the discussion will be restricted to aromatic
molecules, on which the majority of studies have been focused. Rather than going
into details of each system, we will highlight the trends and general mechanisms
that are involved in the excited state energy and dynamics. The interested reader can
find detailed descriptions of each molecule in the individual publications. It appears
that the excited state dynamics of many aromatic ions can be understood upon the
application of rather elementary and universal concepts, the simplest of which being
that the excited electron is attracted to the proton, triggering a large part of the excited
state dynamics.

Keywords Protonated molecules * Excited states dynamics - Ions trap -
Fragmentation

12.1 Overview

The field covered in this chapter is the excited state properties of protonated aromatic
molecules and simple systems, with the larger ones like peptides tackled in other
chapters of this book. Here, we review studies performed over the last 10 years by
various research groups around the world. It is interesting to begin by noting that this
field has really exploded during that period; only two papers had been published prior
to the year 2000 [1, 2]. The ground state structure of these ions has, on the contrary,
been relatively well studied by infrared spectroscopy and vibrational analysis, and
the reader can find out more by consulting recent reviews [3-5].

Let’s start by stating some very simple concepts concerning the basic properties
of protonated molecules: they are positively charged closed-shell molecules, with
the same number of electrons as their neutral homologues. As such, when the proton
is located on a substituent, one would not expect significant changes to the electronic
states as compared to the neutral molecule. Since they are closed-shell molecules,
ab initio calculations are quite reliable, and methods such as Couple Cluster (CC2)
or time-dependent DFT give results that compare well with the experiments. Calcu-
lations are very precious in rationalizing the non-radiative processes induced during
experimentation. We will describe below how, upon excitation, the excited electron
tends to move to the positive charge, creating a locally hypervalent structure. If the
proton is on a substituent (in this example, C-NH3"), then addition of an electron
leads to the formation of a hypervalent C-NHj3 group which is highly unstable (as is
NHy,4) [6] and leads to the loss of an H atom. In large polyatomic molecules, charge
transfer (CT) states can become the lowest excited state, which results in a strongly
red-shifted electronic absorption.
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12.2 Experimental Methods

12.2.1 Ion Trap

Methods involving ion traps have been thoroughly discussed in the previous chapter,
and in particular cold ion traps, which represent a kind of universal tool. Let us
reiterate a few advantages of studying ions compared to neutral molecules. The first
one is that ions can be kept for a very long time. Thus, the study of their dynamics
is not limited in time, and systems can be followed from the femtosecond time
scale, for the excited state dynamics, up to seconds, which often corresponds to the
fragmentation of the ion or to secondary fragmentation. Since the ions are cold,
electronic and/or IR spectroscopy allows the selection of isomers, tautomers, or
conformers from well-resolved vibrational/electronic transitions.

Detection is achieved via fragmentation of the parent ion, measuring either the
parent ion depletion or the fragment ion appearance. This means that the parent ions
which have a fluorescence quantum yield of 100% will not be detected (but luckily
this is never the case for large molecules) and that low-lying excited states (i.e. below
the dissociation limit) cannot be detected via a one-photon process. On the contrary,
systems which undergo very fast, non-radiative processes that are difficult to observe
in case of neutral molecules (by fluorescence or multiphoton ionization) are easily
detected in the case of ions. The fact that one vibronic level can be selectively excited
in a well-defined system allows the use of the measurement of lifetime broadening
as a tool to measure very fast (fs) processes even without femtosecond lasers.

12.2.2 Time-Resolved Experiments [7-9]

Pump/probe femtosecond (fs) experiments for neutral molecules rely on the ioniza-
tion process detecting the ion or/and the electron. Protonated ions are already singly
charged and are generally not ionized further due to their very high IP; instead they
mostly undergo fragmentation. Detection then relies on the change of the fragmenta-
tion pattern upon the opening of new fragmentation channels or the modification of
their relative branching ratio upon absorption of the probe laser. It should be noted
that, for a system which has only one fragment, the absorption of the probe photon
changes the fragmentation rate but not necessarily its efficiency and thus no dynamics
can be observed. In the example given below (Fig. 12.1) for protonated tryptophan,
one can see that the observed time evolution is different for each fragmentation chan-
nel. These data are very rich in information but quite tricky to understand and require
more clues, such as fragmentation dynamics and ab initio calculations (vide infra)
[10].
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Fig. 12.1 Pump/probe experiment on protonated tryptophan (m/z 205) [8]. This is an example of
how time-resolved femtosecond pump/probe experiments on protonated molecules can be compli-
cated: each fragment has its own temporal signature, but at this timescale this is due to the excited
state dynamics. In particular, m/z = 132 ions (methyl indole) do not exhibit any dynamics although
they are obtained by UV excitation, as for the other fragments

12.3 General Behavior of Protonated Aromatics

12.3.1 Proton (H*) in the Aromatic Ring

The presence of a proton in an aromatic ring has two simple effects. If it is on a
carbon atom, as in benzene, it changes the hybridization character from sp2 to sp3.
Upon electronic excitation, this will induce out-of-plane bending (vide infra). The
presence of a positive charge on the aromatic ring also attracts the excited electron,
giving rise to charge transfer (CT) excited states.

12.3.2 Proton (H*) on the Substituent (Amino Group)

For substituted protonated aromatic molecules, and in particular for protonated aro-
matic amines (from the simplest, protonated aniline, to protonated amino acid), the
model [11, 12] depicted in Fig. 12.2 is the key to understanding the excited state
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dynamics. This tt*/mto* coupling model is in fact adapted from a model origi-
nally developed for neutral-substituted aromatic molecules such as phenol [13-15]
or indole [16-20]. The first electronic transition corresponds to the ™ transition
that is found in all aromatic molecules. The second electronic excited state is a
charge transfer state where the electron is transferred from the w orbital (located on
the aromatic part, Ar) to the NH3* group, leading to the formation of an hyperva-
lent structure (Ar*—NHj3) similar to NHy. Recalling the original model for phenol,
and due to the s character on the NHj3 group, we will call this state wo*. As in the
case of NHy, the Ar*-NHj radical is highly unstable and is dissociative along the
NH coordinate. Along this coordinate, the wo* crosses first the t*, and secondly,
the wmt ground states. The first crossing leads to a barrier which can be passed by
tunneling, and the lifetime of the mt* state is governed by this first crossing (barrier
height). The second conical intersection with the ground state leads either to an H
loss or to an internal conversion, a process which is essential for the photostability
of biomolecules. The variation in the lifetime of the mw* excited state is due to the
variation in the energy of the charge transfer (CT or mo*) state relative to the optically
active wrt* state. It should also be mentioned here that hypervalence on the amino
group in the excited state can weaken the CN bond, potentially leading to excited
state NHj3 loss (vide infra).

As illustrated in Fig. 12.2, the binding energy of a molecule in the ground state
is (Emy..p) = PAM) + IP(M) — IP(H), where IP(H) is the H atom ionization
potential (13.6 eV), PA(M) is the proton affinity of the neutral molecule, and IP(M)
is its ionization potential. This binding energy also has a strong influence on the
branching ratio between H loss and internal conversion pathways, and if it is larger
than the energy of the mm* state, no H loss will be observed (not enough energy
to dissociate). As we will see below, this model can readily explain the behavior
observed in many systems.
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A simpler model, illustrated in Fig. 12.3, can also be used to provide further clues
about the relative positions of these key states, as has been recently demonstrated [21].
We can consider that, in protonated aromatic amines, the To* transition corresponds
to extracting an electron from the  orbital on the aromatic moiety (i.e. ionization
potential of the aromatic part) and attaching it to the ammonium substituent. If we
assume that the electron attachment energy on the NH3* substituent (EA(NH3%)) is
constant, then the wo* energy can be deduced from the ionization potential (IP) of
the neutral aromatic moiety (i.e. the aromatic without the NH3;* substituent, Ar) as
E,.+ = IP(Ar) — EA(NH;"). Thus, for a constant " energy, we can infer that a
low IP of the neutral part implies a low o*, and thus there is a lower barrier, that is
a shorter excited state lifetime.

12.4 From the Simplest to More Complex Systems

In the following section, we will review part of the work done on protonated aromatic
systems, starting from the simplest (benzene) up to aromatic amino acids. Simple
mechanisms that can be clearly demonstrated in simple ions will be shown to help
us disentangle the processes in more complex ions.

12.4.1 Simple Aromatic Benzene/Pyridine/Pyrimidine

12.4.1.1 Benzene, Toluene

It has been shown by IR measurements that the proton [22] attached to a carbon atom
of the aromatic ring creates a sp3 carbon atom in protonated benzene and toluene.
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Then, upon excitation, the aromatic ring changes from a planar structure to an out-
of-plane chair or boat-type structure, which leads to conical intersections with the
ground state and very fast relaxation detected as structure-less excitation spectra [23,
24]. An example of the type of spectrum obtained when the proton is attached to a
carbon atom of the benzene ring is shown later for 3-aminophenol (vide infra).

12.4.1.2 Pyridine, Pyrimidines

For nitrogen-containing rings, the situation is inversed. The proton linked to the
nitrogen atom of the ring stabilizes the n orbital which becomes a o orbital (see
Fig. 12.4). The nmt* state becomes a o™ state, which is no longer in the vicinity of
the optically active mt* state [25, 26]. In aromatic molecules containing two nitrogen
atoms, the proton stabilizes one of the two lone pairs, and there is still a nmt* state
close to the tm* state; therefore, the out-of-plane deformation is still present and
the excited lifetime is in the femtosecond regime [27]. As an example, the spectra of
pyridine and pyrimidine are presented in Fig. 12.5.

Excited states nt* and nmt*
Short lifetime through

out of plane deformation
Neutral

\ T n
—O The n orbital is

-1.9 eV lower than the
HOMO

Upon protonation the n becomes a o orbital very low in energy, no more nit*
No ring deformation, long lifetime

The n orbital is
-5 eV lower

Fig. 12.4 Comparison of the orbitals in pyridine and protonated pyridine. The non-bonding n
orbital in the neutral molecule becomes a much more stable ¢ orbital in the protonated molecule,
and the omt* state becomes higher than the ™ state, reducing fast non-radiative processes
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Fig. 12.5 Comparison between protonated pyridine and pyrimidine spectra. In pyridine, the lone
pair on the N makes a ¢ bond with the proton, while in pyrimidine the lone pair on the second N is
still free. The spectrum is much more congested, which is a sign of lifetime broadening and very
fast (fs) excited state dynamics

12.4.2 Protonated Polycyclic Aromatic Hydrocarbons
(Protonated PAH)

The electronic properties of protonated PAHs have been extensively studied by the
Swiss group in Basel [28—32] and the French groups in Orsay and Marseille [33-36].
Here, the role of the charge transfer state in shifting the electronic absorption to lower
energy is critical. This can be very clearly understood upon consideration of the pro-
tonated benzene dimer (Fig. 12.6). Compared to the orbitals in the neutral molecule,
both the HOMO and LUMO of the protonated monomer species are stabilized by the
presence of the charge in the protonated part, and the HOMO/LUMO gap remains
basically the same. In the dimer, the HOMO is located on the neutral part whereas

Fig. 12.6 Orbitals involved BENZENEH" BBH" BENZENE
in the protonated benzene T 5T ]
dimer. Right: HOMO and
LUMO in benzene; Left:

HOMO and LUMO in —_—
protonated benzene; Middle:

orbitals of the protonated | c— ”% i
dimer (BBH") LUMO
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the LUMO is on the protonated part. The first electronic transition is thus a charge
transfer state from the neutral part to the protonated part, which is red-shifted com-
pared to the transitions of both entities. As a matter of fact, the absorption of the
protonated benzene (Fig. 12.7) dimer is in the visible region (450 nm, 2.75 eV) [33],
compared to 4.72 eV for the neutral dimer and 3.80 eV for protonated benzene [23].

Similarly for PAH [29, 34, 37], such as naphthalene [35], anthracene [34], or even
indole [38], the electron is located on the neutral part of the molecule in the ground
states and on the protonated part in the first excited states. This lowers the S1-Sg
transition by c.a. 1 eV compared to the transition in the neutral molecules.

Protonated PAHs with a nitrogen atom (PANHs) absorb in the visible or near UV
spectral region. This is the same absorption region as that previously recorded for
protonated PAHs with two to six aromatic rings, that is protonated naphthalene [35],
anthracene [34], phenanthrene [29, 34], fluorene [37], tetracene [34], pyrene [28],
and coronene [32]. The protonation of aromatic heterocycles shifts the absorption
spectra to lower energy compared to the neutral molecules, but to a smaller extent
than observed for the fully carbonated analogs. This corresponds to a blue shift
of the transition of protonated acridine and phenanthridine compared to protonated
anthracene and phenanthrene. However, protonation still leads to red shifts from the
neutral homologues: for example, the S;—S transition in acridineH" is red-shifted by
0.4 eV from the transition in acridine, while the S;—S¢ in anthraceneH™ is red-shifted
by 0.9 eV from the S;—Sy transition in neutral anthracene [39].

2.7 eV/ 450 nm

Absorption in the visible

BBH*

/ M

A |
M“r}ﬁ'ﬁ”?&‘m Ui m

400 420 440 460 480 500 520 540 560 580 600
nm

L]
L3 [
= )
Neutral benzene dimer absorption at 4.72 eV

Fig. 12.7 Photofragmentation spectrum of protonated benzene dimer
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12.4.3 Aromatic Amines, Aniline, Aminophenol

Many simple aromatic amines have been studied, and their behavior is well explained
by the nt*/mo* coupling model [12, 40]. We illustrate this using the photofragmen-
tation of protonated aminophenol as an example. For the 1-4 (para) isomer, two
electronic states are observed (Fig. 12.8, blue line): one well-structured spectrum
appears in the 4.5 eV region, very similar to the S; <— Sy transition of the neutral
molecule, while at higher energy (>5 eV) the observed structure-less continuum is
assigned to the direct excitation of the wo™ state. For the 1-2 (ortho) isomer (Fig. 12.8,
black line), the tt* state exhibits a rich low-frequency vibrational structure due to
the steric hindrance between the hydroxyl and ammonium (NH3") groups. This geo-
metrical constraint also has the effect of pushing the o™ state to higher energy and
it is no longer observed. The spectrum of the 1-3 (meta) isomer is drastically dif-
ferent from the other two isomers (Fig. 12.8, red line), being strongly red-shifted
and exhibiting broadened vibrational structures. This spectrum presents strong sim-
ilarities to the spectra of protonated benzene or toluene, and is clearly the sign of
protonation on a carbon atom of the aromatic ring. The width of the vibrational bands
can be assigned to lifetime broadening, which indicates a fast electronic relaxation
as predicted by ab initio calculations for protonated benzene [24]. It should also be
mentioned that calculations are not very reliable for this system. At the mp2 level, the

Excitation energy (eV)

45 4 35
T T T T T T T

5.5

[6)]

270 212 214 216 278
nm

! . ! . f PR A/l et sivh tadafi/ot cand Willir i
240 260 280 300 320 340 360 380
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Fig. 12.8 Photofragmentation spectra of the three isomers of protonated aminophenol, with the
numbering system for the atoms illustrated at the top right. Upper trace (red), the 1-3 isomer; middle
trace (blue), spectrum of the 1-4 isomer; lower trace (black), spectrum of the 1-2 isomer. The insert
is a zoom of the region around the 0-0 band, showing the low-frequency vibrations
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Fig. 12.9 Comparison of the ——Para
photofragmentation spectra ——meta
obtained for protonation on ortho
the amino group of
aminophenol. In blue the
1-4, in black the 1-2, and in
red the 1-3 protonated
aminophenol
270 275 280 285

nm

energy of the protonation site on the amino group and the C6 carbon atom are simi-
lar, whereas protonation on the C6 site is more stable by 0.5 eV at the DTF/B3LYP
level. An added complexity is that the experimental results cannot be used to help
in reconciling the two calculations, since the NH;* tautomer is observed to become
the most abundant one when the electrospray source conditions are changed. It is
thus worthwhile to mention that the electrospray source does not necessarily produce
the most stable tautomers, and that the production of one or other tautomer is very
sensitive to uncontrolled parameters such as the position of the needle in front of
the capillary of the source [41-43]. Thus, experimental results cannot necessarily
resolve discrepancies between calculation methods.

In this example, upon changing the ESI conditions (by increasing the pressure
in the capillary), 1-3 aminophenol becomes mainly protonated on the amino group.
Its spectrum is compared with the spectra of other isomers in Fig. 12.9. Instead of
a well-structured spectrum, as for the 1-2 and 1-4 isomers, no vibrational structure
appears. Ab initio calculations, in particular the excited state optimization, show that
the mn* excited state relaxes without barrier to the NH3 loss channel after out-of-
plane deformation, which allows coupling between the mt* and the wo* states. This
direct dissociation is one of the channels expected when the C—NHj3 group becomes
hypervalent upon the addition of the electron (the other channel being H loss), but
this is the only case where it has been observed so clearly.

12.4.4 Phenylethylamine, Tyramine [44]

Before moving to the more complex aromatic amino acids, we will first present the
results for protonated phenylethylamine and tyramine.

In the most stable structure of protonated phenylethylamine (PEA, see Fig. 12.10,
®-CH,CH;NH3) [12] the alkyl chain is long enough that the amino group lies
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Fig.12.10 Photofragmentation spectra of protonated phenylethylamine (upper traces) and tyramine
(lower traces). In addition to the H (blue) and NH3 loss (green) channels observed for smaller
protonated aromatic amines, a new fragment appears, corresponding to C,—Cg bond cleavage (red)

above the aromatic ring, pointing toward the C2 atom. In this system, in addition
to the fragmentation channels (NH3 and H loss) observed for shorter alkyl chains
(aniline, aminophenol, benzylamine), the cleavage of the C,—Cg bond is observed,
leading to CH,NHj3 loss (see Fig. 12.10, upper panel). The interaction of the NH3*
with the aromatic ring is very sensitive to the charge distribution in the ring, which
changes between the ground and the mwt* excited states. This is the reason for the
low-frequency vibrations observed in the spectra, which correspond to NH3* pseudo
rotation and to rotations along the C,—Cg bond. From ab initio calculations, the
Cy—Cp bond dissociation is triggered by a proton transfer from the ammonium group
toward the C2, followed by the C,—CgH,NH3 bond dissociation [44]. This channel
disappears in the PEA when excess energy in S; is larger than 600 cm™!, indicating
that this channel is no longer competitive with the other channel (NHj3 loss via
interconversion to the ground state). Both channels are controlled by barriers of
different heights, which also determine the excited state lifetimes. For tyramine,
these lifetimes have been measured, and decrease from 2/3 ns for the 0-O band to
300 ps at 800 cm™! [44].

12.4.5 Tautomers and Electronic Spectroscopy of Protonated
Amino PAHs

For larger amino PAHs, both protonation on the amino group and on a carbon atom
of the polycyclic aromatic moiety have been observed [21, 45]. As one would expect
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—e— unsubstituted PAH, protonation on a carbon atom
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Fig. 12.11 Evolution of the proton affinity (PA) versus the PAH size. In red, the PA of the unsub-
stituted PAH; in dark blue, the PA for protonation on the amino group; and in light blue, the PA for
protonation of the carbon atom in the para position. For aminopentacene, the proton affinity can
reach 11.1 eV

from the studies mentioned above, protonation on the amino group leads to an absorp-
tion in a spectral region similar to that of the neutral molecule, whereas protonation
on a carbon atom of the PAH moiety gives rise to quite strongly red-shifted tran-
sitions. The ab initio excited state calculations using either CC2 or TD/DFT are
accurate enough to assign the electronic spectra to different tautomers with reason-
able confidence. For large amino PAHs, calculations show that the proton affinity on
aromatic carbon atoms increases strongly with the size of the PAH (see Fig. 12.11).
A carbon atom on the aromatic rings rapidly becomes the most stable protonation
site, and these species become very strong bases, that is “proton sponges”.

12.4.6 Protonated Aromatic Amino Acids, Phenylalanine
(PheH*), Tyrosine (TyrH*), Tryptophan (TrpH*)

The excited states of protonated aromatic amino acids are probably the most stud-
ied protonated aromatic systems. As for other small aromatic amines, protonation
occurs on the amino group. The first study was the femtosecond measurement of the
excited lifetimes of protonated tryptophan, tyramine, and tyrosine upon excitation at
266 nm. It was found that the lifetime was in the femtosecond regime for protonated
tryptamine [7] and TrpH™, and in the picosecond regime for TyrH* [8, 46, 47]. It
was also observed that H loss was a major fragmentation channel and, since proto-
nation occurs on the amino group as for other small aromatic amines, the t*/mo*
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coupling model described above was postulated, followed by later confirmation by
ab initio calculations [48—50]. The pioneering experiment employing a cold ion trap
[51, 52] demonstrated that the electronic spectrum could be resolved for protonated
Tyr but not for TrpH*, again indicating a very short excited lifetime in the latter.
A well-defined photofragment spectrum for TrpH* was obtained when two water
molecules were attached to the amino group [53], which is a clear indication that the
lifetime becomes longer when the H loss channel is blocked and that the dynamics
is controlled by the H atoms of the amino group.

12.4.6.1 Protonated Phenylalanine and Tyrosine

In this section, we will concentrate mainly on protonated tyrosine, which has been
extensively studied [8, 46, 54], and on the low energy region—near the 0-0 transi-
tion—which has been characterized by many groups [52, 55-58].

Figure 12.12 presents the photofragmentation spectra for protonated tyrosine and
phenylalanine over a large spectral domain. The main observed dissociation frag-
ments are H loss, C,—Cg bond cleavage, and CO + H,O loss. Some smaller fragments
can also be seen, and these have been assigned to secondary fragmentations. Interest-

C,—Cg bond breaking CO+H,0 loss H loss

phenylalanineH+

m/z 75+92
—m/z 120

tyrosineH+
m/z 108

T T LENLEN DL LA DL L AL AL LA L L T
0 1000 2000 3000 4000 5000 6000 7000 8000
Excitation energy above origin (cm™)

Fig. 12.12 Photofragmentation spectra of protonated phenylalanine and tyrosine over a large spec-
tral range : Ca—Cp bond cleavage in red, CO 4 H»O loss in black, H loss in blue
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ingly, the presence of the carbonyl group induces a specific fragmentation channel,
that is, CO + H,O loss.

At low energy, the cleavage of the C,—Cg bond is the predominant channel, while
at higher energy the loss of CO + H,0 becomes the dominant channel and lastly, for
TyrH* (but not in the case of PheH™), the H loss channel appears at high energies. This
can be readily explained using the T w*/mo* coupling model described in Sect. 12.3.2:
the H loss is the result of the direct excitation of the o* state. The energy of this
state is directly related to the ionization potential of the aromatic moiety. The IP of
the phenyl or benzene is 9.24 eV, whereas the IP of phenol is 8.5 eV and thus the
no* is 0.74 eV lower in TyrH* than in PheH™*. It is interesting to note that the simple
model developed for larger amino-substituted PAH [21]—in which the energy of
the o™ state can be obtained from the IP of the aromatic ring minus the electronic
affinity of the NH3* group (3.2 eV)—predicts an energy of 8.5 — 3.2 = 5.3 eV for
the mo* state in TyrH*, which is in excellent agreement with the observed onset of
the H loss channel at 5.25 eV. For PheH*, the same calculation predicts an energy
of 6 eV for the o™, that is out of the scanning range of the lasers (<5.5 eV). The
low IP of indole (7.8 eV) in fact implies that the o™ in TrpH* should be even lower,
so that reaction barriers are very small or inexistent, and are in agreement with the
femtosecond lifetime observed for the excited state. These estimated values are in
good agreement with more sophisticated calculations [57], as can be seen in the
calculated excited states presented in Fig. 12.13, where it is clear that the t*/mo*
gap is much smaller in TrpH* than in TyrH".

Four TyrH* conformers (two for PheH*) have been identified through IR-UV
hole-burning spectroscopy [55, 58] and they correspond to rotations of the C,—Cg
bond, with the NH3* group pointing either to the C2 (stack conformer) or to the C5
(rot conformer) carbon atoms of the ring, and each with the syn- and anti-orientations
of the hydroxyl group (see Fig. 12.14). A surprising result [52, 55] is that the frag-
mentation branching ratio is conformer-dependent, the C,—Cg fragmentation being
more important in the rot than in the stack conformer. Excited state lifetime and
ab initio calculations [57] have allowed the rationalization of these results, with the
model developed in the beginning of this chapter being the key to the interpreta-
tion. Compared to the protonated aromatic amines discussed earlier, the system is of
higher complexity due to the presence of another charge transfer state for which the
electron is located on the carbonyl group. The three H atoms of the ammonium group
have differing interactions with their neighboring groups: one atom is in interaction
with a carbon atom of the aromatic ring; one is hydrogen bonded to C=0; and one
is free. There is also a correlation between the H atom dynamics and the electron
localization. Upon electronic excitation, the H atom is going to be transferred either
to the ring (if the electron stays in the w7 * state, and this leads to the C,—Cg bond
cleavage), or to the C=O0 (if the electron is in the CT state located on the CO, and this
leads to the CO + H,O loss), and finally if the electron goes into the to™* state on
the free H atom, then that leads to the H loss channel. The rates of these processes
are controlled by barriers which make the lifetime of the excited state quite long [59]
(1 ns on the 0-0 with some conformer dependency), and the height of the barrier
is also conformer-dependent. The success of the model was in explaining why the
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Fig. 12.13 Excited states and orbitals in protonated Tyr and Trp obtained at the CC2/aug-cc-pVDZ
level [49]—The mm* state is the lowest excited state. At higher energy, two charge transfer states
are present, corresponding to electron transfer to the NH3 group or to the C=0 group

Cy—Cp fragmentation channel is more important for the stack conformer than for the
rot: this effect is not related to the change in the barrier for H transfer to the ring, but
rather to the barrier for H transfer to CO which is higher in the rot conformer, in turn
favoring H transfer to the ring and C,—Cy cleavage (Fig. 12.14). This interpretation
relies on ab initio calculations performed at the CC2/aug-cc-pVDZ level, and the
validity of the method has been tested by comparing the calculated electronic spec-
tra (vibration and Franck—Condon factors) with the experiment for each conformer,
in which case the agreement is quite good [57, 58].

For protonated phenylalanine, the same stack and rot conformers have been
observed, but no variation in the fragmentation channels with the conformer is seen,
which is in agreement with the absence of variation in the barrier heights upon the
Cy—Cp rotation.

12.4.6.2 Protonated Tryptophan

Low-resolution photofragmentation spectra of TrpH* were first recorded at room
temperature [50] or in a trap cooled to the temperature of liquid nitrogen [46]. The
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Fig. 12.14 Potential energy curve for the excited states of protonated tyrosine along the three
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the change in fragmentation branching ratio between the two conformers. Right: H transfer to the
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absorption region is similar to that of the indole chromophore. At lower temperature,
the spectrum is still broad [51, 53], reflecting the short excited state lifetime, but it is
spectrally well resolved when the H motion of the NH3* group is blocked by water
molecules. The fragmentation pattern is more complex than for TyrH*, as shown in
Figs. 12.1 and 12.15.

The time dependences of the fragmentation of protonated amino acids and pep-
tides upon UV excitation have been measured in an electrostatic ion storage ring.
These measurements allow the detection of fragmentation occurring for a very long
time [60]. After absorption of a 266 nm photon, protonated Trp has a lifetime of
10-20 ms. Using fast ion beams and ion neutral coincidences, the fragmentation
dynamics have been extensively studied [61-63]. It was shown that the dynamics at
very long times are due to the fragmentation of the radical obtained after the H loss
(leading to the m/z = 130 fragment, methyl indole ion radical minus H). The ion
neutral coincidence technique has also provided the possibility to measure whether
a fragmentation occurs in one step or is a two-step process. It was shown that CO
+ H,O loss is a two-step process, with CO loss occurring first, followed by H,O
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Fig. 12.15 Simplified fragmentation pathways for the fragmentation dynamics of protonated tryp-
tophan. Adapted from Lepere et al. [62], with the permission from AIP Publishing

loss, as well as that the fragment m/z 132 (protonated methyl indole) is obtained in
a one-step process. The overall picture is given in Fig. 12.15.

From the femtosecond experiment [8] and the ab initio calculations [48, 49], and
similarly to tyrosine, a picture of a photofragmentation dynamics dependent on which
excited state the electron is transferred to has emerged [10]:

e The nt*CO state leads to two deactivation pathways. A barrierless H transfer
from the NH3* group to the carbonyl group within 400 fs. The concerted electron-
proton transfer to the carbonyl weakens the C,—Cg bond and could lead to the
fragmentation channel at mass m/z = 130 (glycine loss). In the second path, the
excess electron on the carbonyl can lead to the CO+H,O loss channel.

e The mo* state leads to H loss through a barrier within 15 ps. This in turn leads to
the formation of the radical cation at mass m/z = 204 that can further fragment
into its secondary fragment ion at mass m/z = 130 (slow fragmentation). In the
absence of H loss, due to a second crossing with the ground state leading to an
internal conversion, NHj3 loss will occur, followed by further fragmentation.

e The ™ state leads to a proton transfer from the NH3* group to the indole ring.
The fragment ion associated with this proton transfer reaction is m/z = 132. This
channel is not in competition with the other ones, as evidenced by the absence of
femtosecond dynamics (see Fig. 12.1). Indeed, it has been shown [7] that femtosec-
ond dynamics are only observed if there is a competition between fragmentation
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channels. In other words, some conformers (the experiment is done at room tem-
perature) fragment only through this channel.

12.4.6.3 The Role of Triplet States

In larger peptides, dissociation through the triplet state seems to be observed upon
UV excitation followed by IR multiphoton dissociation at long delay [64] for the
Cy—Cp bond cleavage channel: fragmentation increases strongly when the IR laser
is sent after the UV laser. In aromatic amino acids, this effect should have been seen
in pump/probe experiments, as for substituted pyridine (vide infra) it is not yet the
case. The open question is thus: what makes the difference between amino acids
and larger peptides? Another question remains: what is the lifetime of the “collision
complex” obtained after the bond cleavage? When the chemical bond breaks, the
neutral and ion fragments are still bonded by the ion/molecule interaction, which is
not negligible. It requires then some tens of nanoseconds [65] for room temperature
ions to fragment and it might be much longer at very low temperature. It may then
be possible to characterize the collision complex, which might be partly responsible
for this IR effect.

12.4.7 DNA Bases and Substituted Pyridine

Very fast relaxation of the excited states to the ground state in DNA/RNA bases is a
necessary process to ensure the photostability of DNA, and its rate is highly sensitive
to the tautomeric form of the bases. Protonation of the bases plays a crucial role in
many biochemical and mutagenic processes and can result in alternative tautomeric
structures, and thus having knowledge of the properties of protonated DNA/RNA
bases is very important.

The fragments observed upon photofragmentation are the same as in collision-
induced dissociation, and therefore, it is highly likely that there is internal conver-
sion to Sy followed by fragmentation. The photofragmentation spectra of protonated
DNA/RNA bases [66—-69] obtained at low temperature in ion traps are all displayed
together in Fig. 12.16. For cytosine and uracil, two band systems are clearly observed,
and these have been shown to belong to different tautomers through UV/UV hole-
burning experiments. Since these band systems are well separated, the assignment of
the different tautomers can be obtained from the excited state calculations. Accurate
comparison between experiment and calculations usually necessitates the calcula-
tion of the adiabatic S;—S transition as well as vibrational modes in the ground and
excited states. However, excited state optimization is very difficult for these ions due
to the presence of multiple out-of-plane deformations which lead to many potential
energy curve crossings.
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Fig. 12.16 Photofragmentation spectra for protonated DNA bases. From top to bottom:
CytosineH*, GuanineH*, AdenineH*, ThymineH", UracilH*

Instead, an empirical “rule” based on many calculations can be used: as a gen-
eral trend, the excited state optimization process for aromatic molecules (neutral or
protonated) leads to a stabilization of c.a. 0.5 eV compared to the vertical excitation
energy (Eyer), with 0.3 eV coming from the S; optimization and 0.2 eV from the
change in the vibrational zero-point energy between the ground and excited state
vibrational modes. As an example, for the enol/IH-2H tautomer of cytosineH", Eyey
is 5.15 eV (calculated at the CC2/cc-pVDZ level) and the stabilization is expected
to lead to an adiabatic transition energy Eog = Ever — 0.5 eV = 4.65 eV, which is
in very good agreement with the experimental value (4.63 eV) and the calculated
adiabatic transition energy (4.62 eV).

12.4.7.1 Adenine

The photofragmentation spectra of protonated DNA bases were first obtained for
adenine recorded at the temperature of liquid nitrogen. The measured spectrum was
very broad and structure-less [68]. This absence of structure was mainly due to fast
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non-radiative decay in the system, as shown by pump/probe experiments, where the
lifetime was determined to be smaller than the laser resolution of 160 fs [9]. This
lifetime is a lot shorter than the lifetime of neutral adenine [69]. The photofragmen-
tation spectrum obtained at lower temperature [66] (30 K) exhibits some vibrational
structure with very broad bandwidths (180 cm™'). A similar spectrum recorded for
guanine exhibits a vibrational bandwidth of 12 cm™! (see Fig. 12.17). The broaden-
ing in adenine was then assigned to lifetime broadening, leading to the determination
of an excited state lifetime of 30 fs. For protonated adenine, another broader struc-
ture underlies the vibronic bands, and this should belong to another tautomer with
an even shorter lifetime. On the basis of ab initio calculations, the tautomers were
assigned to the 1H-9H and the 3H-7H structures [66]. Ab initio calculations have
shown that many deformations can lead to conical intersections to the ground state,
responsible for the non-radiative processes [68]. It is interesting to note that these
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Fig. 12.17 Protonated guanine (top) and adenine (low) fragmentation spectra
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very fast processes are partially suppressed in the protonated adenine dimer [70] or
in adenineK™* [71].

12.4.7.2 Guanine

In the case of protonated guanine, the ground state of the 7H-9H tautomer has been
shown to be more stable by at least 23 kJ/mol (0.24 eV) compared with the other tau-
tomers. The observed spectrum can be assigned to this tautomer by comparison with
calculations, using the empirical rule (Eyg = Eyer — 0.5 V). The spectrum presents
well-resolved vibrational bands that can be followed for more than 1000 cm™! with-
out any sign of spectral broadening, indicating the absence of very fast relaxation
processes.

12.4.7.3 Protonated Pyrimidine Bases

In the pyrimidine bases, two tautomers have been observed for uracil and cytosine,
which have nearly the same energy in the ground state. In the case of thymine, only the
enol/enol form is seen, probably because the difference in energy with the enol/keto
is larger (0.17 eV). The excited state lifetimes deduced from the broadening of the
bands are short, 100 fs or less, except for the enol/keto form of protonated uracil
(low-energy band system U (red) in Fig. 12.18). In the latter case, the bandwidth is
limited by the laser and the rotational envelope. As mentioned earlier for protonated
pyrimidine, if the nitrogen atoms in the ring are bound to the proton/hydrogen, it
pushes the nt* state to higher energies and decreases the non-radiative processes.
One would then imagine that the keto/keto form of cytosineH* should have a long
lifetime, but in fact the lifetime was measured to be in the order of 100 fs, showing
that another non-radiative channel linked to the amino group opens.

12.4.7.4 Excited State Dynamics of Cold Protonated Cytosine
Tautomers [72]

The excited states dynamics of protonated cytosine tautomers have been revisited
by characterizing the dynamics from femtoseconds to milliseconds via a novel
pump/probe photodissociation scheme applied to cryogenic ion spectroscopy. The
very short lifetime range is extracted from spectral broadening; the nanosecond
range from picosecond pump/probe experiments; and the fragmentation time in the
microseconds to milliseconds time range is obtained with electronically synchro-
nized nanosecond lasers, applying a delay between the laser pulse and the extraction
of the ions from the trap. In this molecule, the locally excited 'mm* state decays
on a femtosecond timescale to long-lived charge transfer and triplet states with life-
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Fig. 12.18 Comparison between the different tautomers of the pyrimidine protonated DNA bases
uracil (U), thymine (T) and cytosine (C). From the spectral broadening, the excited state lifetimes
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bandwidth

times ranging from microseconds to milliseconds, respectively. To rationalize all
the dynamics observed, a three-step mechanism (see Fig. 12.19) (!nn* — 1CT —
3rm#) s necessary, within which internal conversion can occur from each state, ulti-
mately leading to fragmentation in the ground electronic state. In the enol form, the
ne* decays within the femtosecond range toward a charge transfer state, inducing
rotation of the amino group—qualified as a twisted intramolecular charge transfer
state (TICT). This TICT state then decays within the microsecond range to a triplet
state, which in turn decays to the ground state, leading to fragmentation. For the keto
tautomer, the fast process is a mt* transfer to a CT state in the carbonyl group (see
Broquier et al. [72] for more details). A much longer lived component has also been
evidenced, and was assigned to the relaxation of the CT states through intersystem
crossing to the lowest >mm* triplet state with a lifetime on the order of 10 ms for
both tautomers.
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Fig.12.19 Comparison of the decay pathways of the keto and enol tautomers of protonated cytosine.
Adapted from Broquier et al. [72]. Copyright 2017 American Chemical Society

12.4.7.5 Twisted Intramolecular Charge Transfer in Protonated
Aminopyridine [73]

The excited state properties of protonated ortho(2-), meta (3-), and para (4-)
aminopyridine molecules were investigated via UV photofragmentation spec-
troscopy and excited state coupled-cluster CC2 calculations. Although protonated
aminopyridines are rather simple aromatic molecules, their deactivation mechanisms
are quite complex, yielding unexpected results. In protonated 3- and 4-aminopyridine,
the fragmentation yield is negligible around the band origin, implying the absence of
internal conversion to the ground state. Besides this, a twisted intramolecular charge
transfer reaction was shown to be present in protonated 4-aminopyridine around the
band origin, while an excited state proton transfer channel from the pyridinic nitrogen
to the adjacent carbon atom opens at roughly 500 cm~" of excess energy.

12.5 Conclusions

In this chapter, we have summarized the current understanding of the excited states
of protonated aromatic molecules. While some general properties have been deter-
mined, allowing an appreciation of the typical behavior of these ions, the number of
molecules studied to date remains limited. In particular, it has been shown that the
excited state properties are strongly influenced by the presence of charge transfer
states involving the extra proton, either in terms of the energy of the state—in the
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case of protonation on aromatics rings—or in terms of excited state lifetimes—when
the proton is on a substituent. It should be emphasized that knowledge of the optical
properties of these ions creates new opportunities for the characterization of tau-
tomers/conformers in analytical chemistry [74, 75] since, in a cold ion trap, each
species has its own unique spectroscopic fingerprint. However, although there has
been a recent augmentation in studies on the excited state of protonated molecules,
the excited state properties of deprotonated or hydrogenated [76-78] molecules are
still very little understood and this represents a major challenge for the coming years.
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