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Abstract

The electronic spectroscopy of cold protonated at@mamines, anilineH
CsHs-NH3", benzylamineH CgHs-CH>-NH3" and phenethylamin€H CgHs-(CHs).-
NHs" has been investigated experimentally in a largetsal domain and is compared
to that of their hydroxy- homologues (OH containinigp the low energy region, the
electronic spectra are similar to their neutrallegaes, which reveals that their first
excited state is oftrt character. A second transition is observed frof 0. 1 eV
above the origin band, which is assigned to thetation of themtg* state. In these
protonated amine molecules, there is a compethiemveen different fragmentation
channels, some of them being specific of the UVitakon and are not observed in
low-energy collision induced dissociation experimédgsides, a drastic change in the
fragmentation branching ratio can be observed withvery short energy range that
reveals the complex excited state dynamics andmieagation processes in these
species. The experimental observations can benedized with a simple qualitative
model, the mrtilite* model(PCCP-2002), which predicts that the excitgdte
dynamics is controlled by the crossing betweenrtiteexcited state and mollstate

repulsive along the XH (X being O or N) coordinate.

Keywords. excited states dynamics, photofragmentation spswbpy, cold

ion trap, protonated amino acids



1 Introduction

The photochemistry of protonated aromatic aminadsadias been the subject of many
studied™ and is still not fully understood. The spectroscaxperiments have shown that the
fragmentation is isomer dependent, which is not geplained> Time-resolved and
ion/neutral coincidence experiments have shownttfetdynamics resulting from the photon
absorption is quite complex and occurs on a vedewimescale extending from femtosecond
to second™* In amino acids, it has been postulated that thatezk charge transfer states
(m* co andno*yp3 in which one electron is transferred from the amboring toward the
peptide chain), accessible upon absorption of okepHdoton, play a central role in the
fragmentation pathways:*® Upon this electron transfer, the amino acid partobees
hypervalent and thus quite unstable. Sub-picoseeanied state lifetimes have indeed been
measured in tryptamine and tryptophan when exeited67 e\A?°1%1>%However, the exact
nature of the states involved and the link betwkeagmentation pathways and spectroscopy
has not been clearly evidenced yet experimentalihough predicted theoretically. In
particular, the calculations have predicted a lging 1tc* excited state repulsive along the
NH coordinate, whereby an electron is promoted fthew-ring to thea* NH3" moiety®*
The dynamics of than* state is triggered by its crossing with the* state, which further
crosses with the ground state, as shown for —OH-&tdl aromatic molecules (neutral phenol

and substituted phenols, indole).

The ground state of protonated aniline has beesa@dyr studied by infrared dissociation
spectroscopy using the messenger techrifue. this experiment, the two most stable
isomers coexist, one with proton on the amino gr¢amilineH) and the other one with
proton on the cycle (para and/or ortho positions)agreement with calculations indicating
that the ground state energies of these isomersrly separated by 8 kJ/mdlHowever,
under solvation conditions like in an electrospragization source, protonation of aniline
occurs preferentially on the amino groiffy20212223242526272829308a \yjj|| see that electronic

spectroscopy is an approach to assign the protonsite.

We recorded the photofragmentation spectrum oflecen of protonated aromatic amine
molecules (Fig. 1), from the smallest to the latgesiilineH (CsHs-NHs', m/z 94),
benzylamineA (C¢Hs-CH>-NH3', m/z 108) and phenethylamineHPEA) (GHs-(CH,).-
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NHs", m/z 122). We also studied their three hydroxyssituted analogs, with the -OH group
in para position on the phenyl chromophore: 4-antieoplH (OH-CsHs-NHs", m/z 110),
4-hydroxybenzylamineH  (OH-GsH4-CH»-NHs", m/z 124) and  tyramineH
(OH-CgHs-(CHo)2-NHs", m/z 138).

With this approach, we examine the influence ofdligl chain length (-(Ch),-NH3", with
n =0, 1 and 2) in both phenyl and phenol chromoghon the spectroscopy and dynamics of
protonated aromatic amines route to the protonated amino acids., phenylalanine and

tyrosine.

NHz*

NHg* CH,
NHg* CH, CH,
anilineH* benzylamineH* phenethylamineH*

(1-phenylmethanamineH*) (2-phenylethanamineH*)
NHg*

NHg* CH,

NHg* CH, CH,

OH OH OH
4-aminophenolH* 4-hydroxybenzylamineH* tyramineH*

(4-(aminomethyl)phenolH*)  (4-(2-aminoethyl)phenolH*)

Fig. 1 Scheme of the protonated molecules witlptiséonation site on the amino group as

energetically most favorable in solution. The [lUPA&MNe is indicated in parentheses.

In this paper, we present vibrationally resolvedtpHragmentation spectra of mass-selected

protonated ions in a Paul trap cooled at cryogtemtperature in a large spectral range up to

~8000 cnT (~1 eV) above the band origin. The ions are sigffitty cooled in the ion trap

such that low frequency vibrations due to the fixiside chain are resolved. It is shown that,

in most cases, the fragmentation pathways chaige tine first electronic state to the second

one, and even within the first excited state far ldwrger molecules. The overall behavior of
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the UV photodynamics in these systems can be uodersvith a simple model, then(/itc*

model®? supported byb initio calculations.

2 Experiment

The electronic spectra of the protonated aromatimes were obtained via parent ion photo-
fragment spectroscopy in a cryogenically-cooleddqugpole ion trap (Jordan TOF Products,
Inc.)® The setup is similar to the one developed by Wamd) Wang"* The protonated ions
are produced in an electrospray ionization soutdk &t Aarhus University: At the exit of
the capillary, ions are trapped in an octopole foa®0 ms. They are extracted by applying a
negative pulse of c.a. 50 V and are further acatddrto 120 V by a second pulsed voltage
just after the exit electrode. This time sequerfgeutsed voltages produces ion packets with
duration between 500 ns and 1 ps. The ions areridy a couple of electrostatic lenses
toward the Paul trap biased at 120V so that thes ienter the trap gently avoiding
fragmentation induced by collision. A mass gatec@that the entrance of the trap allows
selecting the parent ion. The Paul trap is moutedhe cold head of a cryostat (Coolpak
Oerlikon) connected to a water-cooled He compreds$elium as buffer gas is injected in the
trap using a pulsed valve (General valve) triggetreds before the ions enter the trap. The
ions are trapped and thermalized at a temperataend 50 K through collisions with the
buffer gas. The ions are kept in the trap for savieens of ms before the photodissociation
laser is triggered. This delay is necessary to ensluermalization of ions and efficient
pumping of the He buffer gas from the trap to awmdision induced dissociation of the ions
during the extraction towards the 1.5 m long tinfidight mass spectrometer. After laser
excitation, the ions are stored in the trap for laydéhat can be varied between 20 and 90 ms
before extraction to the TOF mass spectrometef.rrass spectrum is recorded on a micro
channel plates (MCP) detector with a digitizingratee oscilloscope interfaced to a PC. The
photofragmentation yield detected on each fragnsemérmalized to the parent ion signal and
the laser power.

The photo-dissociation laser is an OPO laser frdfSHBLA, which has a 10 Hz repetition
rate, a resolution of 8 cfand a scanning step of 0.1 nm. The laser is mfattysed in the
trap with a 1 m focal lens and the laser poweraiad 20 mW in the UV. Part of the UV
spectra have been recorded at the CLUPS facilitQrisay on a similar setup, but using a
Nd:YAG pumped dye laser with a higher spectral kg&m (0.2 cn).



3 Calculations

Ab initio calculations have been performed with the TURBOMEOprogram packag®,
making use of the resolution-of-the-identity (RpPpaoximation for the evaluation of the
electron-repulsion integraf§. The equilibrium geometry of the protonated spedmesheir
ground states gphave been determined at the MP2 (Mgller-Pless=irsl order perturbation
theory) level. Excitation energies and equilibriggometry of the lowest excited singlet state
(S1) have been determined at the RI-CC2 level. Cdicuia were performed with the
augmented correlation-consistent polarized valemimrible-zeta (aug-cc-pVDZ) basis
set[REF] except for anilineHfor which the augmented correlation-consistentapoéd
valence triple-zeta (aug-cc-pVTZ) basis 3etgas used. The vibrations in the ground and
excited states have been calculated and the edctspectra simulated using the Pgopher

softwaré® for Frank Condon analysis.
4 Results

The electronic spectra of all the molecules ingedéd in the present study are shown in
Erreur ! Source du renvoi introuvable. for anilineH and 4-aminophenolH in Fig. 3 for
benzylamineA and 4-hydroxybenzylaminéHand in Fig. 4 for phenethylaminéHand
tyramineH. For each molecule, we reported the photofragnientgield on each fragment
channel as a function of the laser wavelength.aflathe molecules, Nglloss (black line) is
the most intense fragmentation channel. Other feagation channels are detected depending

on the molecules: H atom loss (red line) aelQg bond cleavage (blue line).



4.1 Electronic spectroscopy
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Fig. 2 Comparison of anilineHupper) and 4-aminophenollower) photodissociation spectra. The
origin is the 0-0 transition of the first excitethte. The fragmentation channels are the;-Mids
(black) and H-loss (red)
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Fig. 3 Comparison of protonated benzylamine angdktdxybenzylamine photodissociation

spectra. The origin is the 0-0 transition of thrstfiexcited state. The fragmentation channels



are NH-loss (black) and H-loss (red) for protonated 4+oygtbenzylamine. Only NHloss is

observed for protonated benzylamine.

As a general finding (Fig. 2, 3 and 4), the protedamolecules have a electronic spectrum
similar to their neutral analogues correspondingbtransition (see Fig. SI1 in Supporting
Information), i.e. an intense § transition observed in the 35000 — 38 000 cregion
together with a few active modes,(v1, around 800/900 cthandvs around 500 ci). No
bands have been observed further to the red oé thlesorption features. Higher in energy, a
second unstructured band appears around 40 080Asnwill be shown in the following, this
transition can be interpreted as the excitatioa ab* state where the electron is transferred
from the 1t orbital on the aromatic ring to tr@Jorbital of the ammonium group. For the
higher energy region, we are limited by the wavglenrange of the tunable laser. This
experimental limitation precludes the observationtted second band in anilinéHwhich

should be higher in energy (vide infra).

The origin of the anilineH transition is at 38215 ¢ which is highly blue-shifted with
respect to neutral aniline (34030 &ni° A similar blue shift of the § transition is observed
for 4-aminophenolH (the first transition is at 31 395 &hin the neutral molecuf® and
36020 cm in the protonated species) while for the other re®i benzylamine,
hydroxybenzylamine, phenethylamine and tyramine,tthnsitions of the protonated species
are very close to those of their neutral parents Bfffiect is linked to the deconjugation of the
nitrogen lone pair with the addition of a proton ¢me amino group in aniline and

4-aminophenol.

For all these molecules, the width of the vibromémsitions is on the order of 7 &mexcept

for benzylamineH, which exhibits broader bands (FWHM ~458mThe profile of the band
origin recorded at higher resolution is presentethe Supporting Information (Fig. SI2): no
spectral feature or low frequency progression seoled so that the spectral broadening can
be assigned to a very short lifetime of the excitiede of benzylamineH The FWHM being
around 45 ci, the excited state lifetime is in the order of ¥§0The FWHM of anilineH



measured at high resolution was ~7’crwhich includes the rotational contour, so tha th

excited state lifetime is greater than 1 ps.

Shown inErreur ! Source du renvoi introuvable. are the spectra for protonated phenethylamine
(PEA) and tyramine. For these two molecules, atamae with the smaller amines, thg 0
transition is weak and presents a low frequencynessjon of bands separated by 45 + 5 cm
! Since the low frequency progression has a belpshstructure, the position of the’ 0
transition for the two molecules cannot be deteediiprecisely. Although the bands present
an overlapping low frequency progression, the garespect of the spectrum of protonated
PEA looks similar to the spectrum of neutral PEAeTiirst member of the progression
clearly observed is at 37 577 ¢mwhich is not very different from the,ttransitions of the
different conformers of neutral phenethylamine (ragdrom 37 538 to 37 629 ch.*'*?

According to Sun & Bernsteiff, the band at ~673 chis assigned to the 6b mode and the
intense band at ~1500 &nabove the band origin can be assigned t®hbhlel2," combination
band. In protonated tyramine (Fig. 4), the spectigndominated by long low frequency
vibrational progressions, which are superimposeatber vibrational modes. This results in
broad bands, the first two being separated by80a.cni* and thevg mode seems to be

absent (or weak), as in protonated benzylamine.
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Fig. 4 Comparison of tyraminéHlower spectrum) and phenethylamiriefipper one) photodissociation spectra. The
origin is the 0-0 transition of the first excitetht®. For these molecules there are 3 major fratanehloss is in red, N
loss in black and &Cg bond breaking in blue.

4.2 Fragmentation channels

As it can be seen in Fig. 2, 3 and 4, several feagation channels are observed in these
protonated molecules and compete with each othigepending on the molecules, their
branching ratios can depend on the excess energytistate and change from the first to
second electronic states. In particular, excitatibrihe second electronic state leads to an

increase of the H-loss channel.

Near the @ transition, the most intense fragmentation chanigel NHs-loss: for
benzylamineA and 4-hydroxybenzylamin€H this is the only fragmentation channel
observed, for anilineHand 4-aminophenolH the H-loss channel is also detected, for PEA

and tyramineH, which possess the longest alkyl chain (§HNH3"), Co-Cp bond cleavage
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is observed. It should be noted that, for all theisg#onated molecules, NHoss is the most
abundant channel in collision induced dissociat{aiD).** The other fragments are not
detected under CID at low energy (below 5 eV) ekdep anilineH for which H-loss is

observed?® and thus seem to be specific of UV photoexcitatio

For PEA and tyramineH there is a huge contrast in the photofragmentaai compared to
the smaller amines. At low energy, the-Cz bond cleavage constitutes a new fragmentation
path so that the global fragmentation pattern issnaomplex and the branching ratio between
the different fragmentation channels evolves draBlyi within a short energy range. Thg-C

Cg bond cleavage leads to m/z 92 and m/z 91 fragméméy are obtained by a proton
transfer from NH' to the cycle and &Cg bond cleavage (giving m/z 92) and by a successive

H transfer (giving m/z 91).

For PEA, at 673 cthabove the band origin, the fragmentation chaniiéssfrom the G-Cp
bond cleavage to the NHoss channel (leading to m/z 105 fragment). As19adhe inset of
Erreur ! Source du renvoi introuvable., both fragmentation channels coexist over a small
energy range of ~100 ¢hpreceding the shift, and the Mbss channel rapidly gains
intensity: of very low intensity (if present) onetfband at 578 ci) of equal intensity as the
Cqy-Cp bond cleavage channel on the 631 chand and largely dominant on the 673'tm
band. Beyond this energy, thg-Cg bond breaking channel disappears. This behavitan
two fragmentation channels demonstrates that thgldé$ channel opens at around 650'cm
of excess energy in the excited state, with aregsing yield. The bell-shape Franck Condon
structure of the @ transition is still present on the second bandtier G,-Cs bond cleavage
channel, but on the NHoss channel, the intensity of the band at 673 drand is much
greater, which indicates that the fragmentatioridyie lower in the G-Cg bond rupture
channel than in the N§Hoss channeli.e., the fragmentation yield is not unity. The abrupt
change (within ~100 ci) of the fragmentation pathway clearly means thatdynamics is
changing in the excited state with excitation egesguch a sharp transition is unlikely to
occur after internal conversion to the ground skeeause the total energy change between
the two channels is ~0.3 % (100 &86000 cn).

For tyramineH, the fragmentation pattern is different than inAPEall photo-
fragmentation channels except H-loss coexist atdnergy. The ¢Cg bond rupture channel,

leading to m/z 108, is very weak and is only presgnto ~500 cii above origin, as in PEA.
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In contrast to PEA, the main fragmentation charatelow energy is Nktloss (m/z 121
photofragment). On the other hand, the H-loss chlarwahich is absent in the low-energy
region, is the most abundant fragment in the higgrgy region. Nitoss at low energy and

H-loss at higher energy is similar to the fragm#atapattern in 4-aminophenoiH

4.3 Electronic state calculations

Table 1 Summary of the calculations for the fikgb texcited states of protonated aromatic amines.
calculations have been performed with the CC2 ntkthod the aug-cc-pVDZ basis sets for all

molecules, except anilinéHor which the aug-cc-pVTZ basis set was usedeAé#rgies are in eV.

S-S SS&(MrY) S-S(mer)  dZPE

Protonated Molecules Vert® Adia ® Vert©® 5.5 Calc. @°© Exp. @° 0}
anilineH 5.28 5.09 6.46 -0.19 4.90 4.74
benzylaminér 5.02 4.85 5.85 -0.20 4.65 4.60
phenethylaminkel 5.09 4.90 5.86 -0.16 4.70 4.66
4-aminophendtl* 4.81 4.62 538  -0.19 4.42 4.47
4-hydroxybenzylamind* 4.94 4.76 5.50 -0.20 4.56 4.47
tyraminEH+ 4.70 4.59 5.10 -0.19 4.39 4.35

S — S vertical transition energy ; °S, « S adiabatic transition energy ; °S, — S vertical
transition energy ; Ydifference in zero-point energy between the ground and first excited states
(IZPE $-S), the &ZPE values in italic have not been calculated but are an average of those
calculated for the other molecules, all around 0.2 eV ; calculated S; « S origin transition ;

'experimental S; % origin transition.

For all molecules, protonation of the amino groepds to the most stable isomer in the
ground electronic state (at the MP2 level of thgofheir excited state properties calculated
at the CC2 level are reported in Table 1. In thaskecules, the first excited state corresponds
to artrt transition. The second excited state has a chasgesfer character, in which the
active electron is transferred from the orbital to a Rydberg orbital centered on the
protonated amino group. For planar or nearly plamamlecules as anilineH and

4-aminophenolH, this corresponds to theo* state. For non planar systems, this Rydberg
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state on the amino group will still be callea* for sake of simplicity and by analogy with

previous studies on protonated aromatic amino atid$

Geometry optimizations of the ground and the frstited states have been done for all
molecules (see Supplementary Information). For gshwll molecules, we found that the
geometry changes between ground and excited stateselatively small. In PEA and
tyramineH (like in tyrosine)'® the proton pointing to the aromatic ring is mudébser to the
C, carbon in the excited state than in the grouni stehich induces a change in the planarity
of the aromatic ring, the H atom linked tg kking 10° below the benzene plane. In addition,
there is a torsion motion of the chain, which lesdmldow frequency active modes in the

electronic spectrum.

There is a good agreement between the experimamdatalculated £ transitions of the
first excited state when the variation in zero peinergy 6ZPE) between the,&nd 3 states
is taken into account. Thi&ZPE is within the same values (0.16 to 0.20 eV)tfa four
molecules (anilineH benzylamineM, PEA and 4-hydroxybenzylaminéHfor which it has
been calculated. For the other specie®RE of 0.19 eV has been estimated as the average of
the previous ones. The adiabatic energy fordttetransition in the protonated species with a
hydroxyl group in para positioni.e., 4-aminophenolH 4-hydroxybenzylamineH and

tyramineH is located in the 4.4 - 4.6 eV energy range.

Shown in Fig. are the vibrational simulations flee simplest moleculesg., anilineH and
protonated benzylamine. There is a good agreenentelen the experimental and simulated
spectra that can therefore be assigned without quritpi In the case of anilin€H the
transition involving thevs mode at 530 cih above the origin is not reproduced and its
intensity in the experimental spectrum may be ireduly a vibronic coupling with a higher
electronic state. The good agreement between empeti and calculations indicate that
indeed the proton is located on the amino group.

Moreover the vertical energy of the first excitedts for the isomer with proton on the
aromatic ring (in para position) has been calcdlag 5.1 eV (CC2\cc-pvVDZ) but it
undergoes a fast internal conversion through riefgrthatiort®, which should lead to broad,
unstructured absorption. If the proton is in orpgasition, the calculated transition is around

3.8 eV, much lower than the observed transitfon.
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For protonated benzylamine the &d S geometries are quite similar and the spectral
simulation performed does not exhibit low frequemrggressions or sequences. Thus the
observed broadening of the vibrational bands istmposbably due to a fast non-radiative
process, confirming what was deduced from highectspl resolution experiment (section
4.1).

?

T 1
500 1000 1500

F

T T 1
0 500 1000 1500

Energy above origin (cm'l)

(b)

|

T 1
0 500 1000 1500

|

T T 1
0 500 1000 1500
Energy above origin (cm'l)

Fig. 5 Calculated spectra (lower panels) comparetth Wie experimental ones (higher panels) for agiiin (a) and

benzylamineH (b). At this scale one clearly sees that the bafidenzylamineMare broadened.
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5 Discussion

The comparison between the experimental electrgpiectra recorded over a large
spectral range and the calculations of the firglite® states emphasizes the role of o
state in the photodissociation of these protonaedne molecules. Theto* state is
calculated between 0.4 and 1 eV above the origitheftrt state. Indeed, the onset of the
second band at high energy closely matches thelasdd vertical gap betweerrt andno
states (see Table 2), consistent with a directtatkon of this state at high energy. For
anilineH’, the calculations indicate that the* state has a vertical transition energy of
6.8 eV, so that it cannot be observed under ouemxgntal conditions. For the other
molecules, the slow onset of the high energy ttemmsis either due to the repulsive nature of
this potential, which is in agreement with the aleseof any vibrational structure, or to a very

fast non-radiative decay.

The 1o state is characterized by an electron transfer fonorbital located on the ring
to ao* Rydberg type orbital localized on the WHammonium group, the C-NHgroup
becomes hypervalent and NH bonds become unstablén asH.**™*’ In protonated

tryptaminé? and tryptophari;17-16-11:15:13¢

his leads to the observation of the specific UV
photofragmentation channels as H-loss. BesidesZgbond rupture is also detected in these
later molecules for which the protonated amino grpaints towards the aromatic ring. In the
protonated amines studied here, even near thendrigmsition of thatrt state, UV specific
H-loss or G-Cg bond cleavage channels are observed along witiNthgloss, which is
commonly observed in low-energy CID experiments.tia following, we will present a
model to rationalize the competition between ttlieedBnt fragmentation channels in line with
the more generatrt/o* modef? which has been shown to be quite successful itaiipg

the excited state dynamics of many neutral aromrmatitecules containing hydroxyl (OH) or

azine (NH) groups.

Table 2 Dissociation energie8H) for the H loss channel amat*/no* energy gapsAE are calculated using the
formula (1) and therr*/no* energy gap is deduced from the vertical energiethe nn* and no* states. All

energies in eV.

Exp Calc.
Molecules Exp § Calc.AE
Si-S; energy gad  nn*/no* energy gap
anilineH’ 4.74 3.26 1.18
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benzylamineH 4.60 4.36 0.8 0.82

phenethylamineH 4.66 4.60 0.7 0.77

4-aminophenolH 4.47 3.16 0.65 0.57
4-hydroxybenzylamineH 4.47 4.60 0.4 0.56
tyramineH 4.35 4.82 0.37 0.40

®these values are cal culated at the MP2/aug-cc-pVDZ level of theory. ® measured on the H-loss channel except for benzylamineH*.

Let us highlight the main findings, which suppourcsimple qualitative model for the

protonated species:

a)

b)

The electronic spectra of the protonated and nesprecies are very similar (see
Fig. SI1). The nature of the aromatic ring is wgaklerturbed and the first
electronic transition is essentiallyra* transition at low energy (below 4.8 eV).

From 0.4 eV to 1 eV higher in energy, the secoedtsbnicnc* state is reached.

For the simplest nearly planar protonated aromatnes,i.e., anilineH and
4-aminophenolf, the H-loss channel is observed on tgtfansition of thetr*
state. This strongly suggests an efficient coupliatyveen the locally excitexrt
state with the dissociativec* state. We can assign this H-loss channel td\lHe

bond rupture.

In benzylamineH, the broad vibrational transitions indicate tha excited state
lifetime is short (in the order of ~100 fs). Thisosvs that fast non-radiative decays

are involved following ther* excitation

d) For PEA, the fragmentation channels change abrugthin ~100 cnit.

The proposed scheme emphasizes the role of therdl @gnamics and has already been

discussed in previous studies on aromatic amirbfa@gmentations*® (see Fig. ).

Thenn* excited state dynamics and further fragmentatamescontrolled by the presence

of a quasi-dissociativec* state along the NH coordinate of the ammonium gr{fig.

6). The excited state lifetime is controlled by #rergy of the firstn*/no* crossing and

the coupling between these two states. The evolutidhe system is further controlled by

a second crossing between the* state and thern ground state, the ground state
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correlating with the M + Hlimit and thero* with the M" + H limit. The three NH bonds
of the ammonium group are free in the case ofraetli or 4-aminophenolH the H-loss
channel may occur from any of these bonds. In phgtamineH and tyramineH, which

possess the longest alkyl chain, the excited getenetry is such that one hydrogen atom
of the ammonium group is pointing towards the arienéng, leading to a proton transfer

to thetering as in the protonated aromatic amino acids.

M++H*
M*+H*
IE(M)
IE(H)
M+H*
M*+H PA(M)
AE

Fig. 6: Scheme of the proposed mechanism. The fatation is triggered by the repulsive nature efrtio* state localized
on the amino group and depends on the coupling twéhrt state, the energy of theo*/ it crossing (width of the barrier

from 1Tt to T16*) and the energy of the second®*/ 1tt crossing

Let us see how the experimental findings can te¥pneted with this model.

(a) At the @ transition, H-loss is observed in some speciesnoatall of them. The

dissociation limit AE) in M" + H can be calculated from the formula:

AE = I[E(M)+PA(M)-IE(H), (1)
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where IE(M) and IE(H) are the ionization energiéshe molecule and hydrogen and PA(M)
is the proton affinity of the molecule. IE(M), PAjMind IE(H) are known values from the
literature.[NIST] The values of the dissociatioresgiesAE as well as thean*/no* energy
gaps are reported in Table 2. It can be clearly $kat for two protonated species, anilifieH
and 4-aminophenolH the M" + H dissociation limit is much lower (< 0.7 eV) théor the
other ones and well below the excitation energysTim these protonated species, the barrier
from 1t to 1o* is low enough to be tunneled through, and thergetecally accessible H-
loss channel is observed. The calculated/no* energy gap is relatively high for
4-aminophenolH (0.5 eV) and even larger for anilin€Kl.18 eV). Nevertheless, the low H-
dissociation energy limit implies that the slopetloé repulsivertg* curve is steep, which
lowers the energy of thet*/no* conical intersection sufficiently so that the bk is indeed
observed even at the band origin. It is worth nuemiig that the yield of the H-loss versus
NHs loss is greater in 4-aminophenolH+ than in aaliiy which is support by the smaller
nn*/no* energy gap in the former. For the other ionss tbihannel is nearly energetically
closed such that the exit channel goes througlerttesing with thetrtground state (hindered
H-loss), which leads to internal conversion and -Gk fragmentation (statistical

fragmentation).

(b) The second point is that the lifetime of fiedectronic states varies on at least one
order of magnitude (~100 fs for benzylamideahd larger than 1 ps for the other molecules).
In benzylamineH, due to the geometry of the molecular ion andrthture of the orbitals,
there is a large overlap between ttfeorbital and theo* orbital (seeFig. ). This overlap
should result in a strong coupling betweenstheand no* state, which then should lead to a
very short lifetimeHere, the deformation is muchrenomportant than in catechol where the
lifetime has been measured at 10 ps(ref stavrod)thus the very short lifetime is not
surprising. One would have expected ttféo* overlap in 4-hydroxybenzylaminéHand
phenethylamineHto be quite similar or even better than in benmyteH" since one proton
of the NH group is pointing toward the aromatic ring. Howeveo fast relaxation is
observed experimentally. The calculations indi¢h& theo* orbital has no overlap with the
n*-orbital (seeFig. ), therefore the coupling should be smaller anditegme is expected to

be longer.
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TtUorbital ollorbital

Cs symmetry
benzylamineH*

Cs symmetry broken
4-hydroxybenzylamineH*

phenylethylamineH* )‘7/

="

Fig. 7 and o* orbitals of benzylamineH (upper), 4-hydroxybenzylaminé{middle) and phenethylaminéHlower). In
benzylamineH, the overlap between these orbitals is large andstrang mrt/mo*coupling is expected. In

4-hydroxybenzylamineHand phenethylamin€Hhe overlap is small and the electronic couplingud be small.

(c) In protonated PEA and tyramine, fragmentsesponding to the £Cg bond rupture
(m/z 91 and 92 photo-fragments of PEA and m/z 108tgfragment of tyramineH are
observed at low energy and this channel closespéprat c.a. 690 cih above the band
origin. The G-Cg bond rupture is a minor fragmentation channelbioth molecules, being
the only one at low energy in PEA, whereas in tyn@H’ it is in competition with the
NHjs-loss. The G-Cg bond rupture is commonly found in the UV photodabon spectra of
protonated aminoacidsit has been calculated for both protonated tyrosineé protonated
tryptopharl® and in the latter case it has been detected thrthg m/z 132 photo-fragment
(with an additional H transfef§.For protonated phenethylamine, the first excitadesof the
isomer with the proton on the aromatic cycle haanbealculated 1.1+ 0.1 eV lower in energy
than thern* adiabatic energy for the structure with protontbe amino group.

In protonated phenethylamine, the fragmentationdyis weak at the origin and
increases with energy: the intensity of the ban@7& cm* above the origin is higher for the
opening channel (NHloss), so that the fragmentation yield increa3éss means that the
fragmentation yield for th€,-Cg bond cleavage channel may be quite low and therefay
be in competition with other channels such as aystem crossing or fluorescence. Since the
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proton transfer to the-ring in the 3 state requires some deformation of the aromaii, iit
could be a slow process (ns timescale, similah¢oradiative process), and the higher energy
channel (NH-loss) should be faster. By analogy with the ofbretonated amines, we assign
the new channel to the hindered H-loss along the dddrdinate, resulting in internal
conversion throughto*/nn conical intersection. Then*/nc* energy gap is smaller in
tyramineH than in phenethylamin€Htherefore the conical intersection is lower nergy

and the NH loss channel is open at the band origin.

The observed dynamical behavior of the protonatet ican be explained within the
frame of this simple model. However, it is cleaatth is only qualitative and more theoretical
works are required to make it quantitative. Morepvere have only discussed one
non-radiative mechanism -fragmentation xiet/ 1o* dynamics- but other mechanisms such
as intersystem crossing or internal conversion tjiimopyramidalization as in benzene can
play an important rol& Finally, for the amines with a phenol chromophdtés not clear
whether the H-loss channel corresponds only taepelsiverc* state on NH or to the one
on OH as evidenced in neutral phéftf or to both. But the calculations locate tite state
on the OH group higher in energy than tt®* state localized on the ammonium group.
Nevertheless, the most salient features of theregrpatal observations can still be explained.
The model predicts that strong variations in theited state lifetimes should be observed

when the energy is scanned over the electronicptisns.

Conclusions

We have presented in this paper the electronictigpetthe simplest protonated aromatic
amine molecules. The vibrational analysis shows tthe electronic structure of the aromatic
ring is weakly perturbed by protonation on the amigmup. Upon excitation, the
fragmentation pattern is quite rich with severaginentation channels in competition.
Nevertheless, the complex fragmentation behaviorbEarationalized using a simple model,
the nn*/ no* model developed in the last ten years, which lwarapplied to closed-shell -OH
and —NH containing aromatic molecules both neutad protonated. For protonated
phenethylamine and tyramine, the very drastic chariglhe fragmentation branching ratio

within 650 cm' represents a challenge for theoretical calculations
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