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Abstract 

The electronic spectroscopy of cold protonated aromatic amines, anilineH+ 

C6H5-NH3
+, benzylamineH+ C6H5-CH2-NH3

+ and phenethylamineH+ C6H5-(CH2)2-

NH3
+ has been investigated experimentally in a large spectral domain and is compared 

to that of their hydroxy- homologues (OH containing). In the low energy region, the 

electronic spectra are similar to their neutral analogues, which reveals that their first 

excited state is of ππ* character. A second transition is observed from 0.5 to 1 eV 

above the origin band, which is assigned to the excitation of the πσ* state. In these 

protonated amine molecules, there is a competition between different fragmentation 

channels, some of them being specific of the UV excitation and are not observed in 

low-energy collision induced dissociation experiment. Besides, a drastic change in the 

fragmentation branching ratio can be observed within a very short energy range that 

reveals the complex excited state dynamics and fragmentation processes in these 

species. The experimental observations can be rationalized with a simple qualitative 

model, the ππ∗/πσ* model(PCCP-2002), which predicts that the excited state 

dynamics is controlled by the crossing between the ππ* excited state and a πσ∗  state 

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

Keywords: excited states dynamics, photofragmentation spectroscopy, cold 

ion trap, protonated amino acids 



 3

 

1 Introduction  

The photochemistry of protonated aromatic amino acids has been the subject of many 

studies1–5 and is still not fully understood. The spectroscopic experiments have shown that the 

fragmentation is isomer dependent, which is not yet explained.1–3 Time-resolved and 

ion/neutral coincidence experiments have shown that the dynamics resulting from the photon 

absorption is quite complex and occurs on a very wide timescale extending from femtosecond 

to second.6–14 In amino acids, it has been postulated that the excited charge transfer states 

(ππ*CO and πσ*NH3 in which one electron is transferred from the aromatic ring toward the 

peptide chain), accessible upon absorption of one UV photon, play a central role in the 

fragmentation pathways.15,16 Upon this electron transfer, the amino acid part becomes 

hypervalent and thus quite unstable. Sub-picosecond excited state lifetimes have indeed been 

measured in tryptamine and tryptophan when excited at 4.67 eV.12,10,16,15,9 However, the exact 

nature of the states involved and the link between fragmentation pathways and spectroscopy 

has not been clearly evidenced yet experimentally, although predicted theoretically. In 

particular, the calculations have predicted a low-lying πσ* excited state repulsive along the 

NH coordinate, whereby an electron is promoted from the π-ring to the σ* NH3
+ moiety.16,15 

The dynamics of the ππ* state is triggered by its crossing with the πσ* state, which further 

crosses with the ground state, as shown for –OH and –NH aromatic molecules (neutral phenol 

and substituted phenols, indole).  

The ground state of protonated aniline has been already studied by infrared dissociation 

spectroscopy using the messenger technique.17 In  this experiment, the two most stable 

isomers coexist, one with proton on the amino group (anilineH+) and the other one with 

proton on the cycle (para and/or ortho positions), in agreement with calculations indicating 

that  the ground state energies of these isomers are only separated by 8 kJ/mol.17 However, 

under solvation conditions like in an electrospray ionization source, protonation of aniline 

occurs preferentially on the amino group.1819202122232425262728293031 We will see that electronic 

spectroscopy is an approach to assign the protonation site. 

We recorded the photofragmentation spectrum of a selection of protonated aromatic amine 

molecules (Fig. 1), from the smallest to the largest: anilineH+ (C6H5-NH3
+, m/z 94), 

benzylamineH+ (C6H5-CH2-NH3
+, m/z 108) and phenethylamineH+ (PEA) (C6H5-(CH2)2-
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NH3
+, m/z 122). We also studied their three hydroxy- substituted analogs, with the -OH group 

in para position on the phenyl chromophore: 4-aminophenolH+ (OH-C6H4-NH3
+, m/z 110), 

4-hydroxybenzylamineH+ (OH-C6H4-CH2-NH3
+, m/z 124) and tyramineH+ 

(OH-C6H4-(CH2)2-NH3
+, m/z 138).  

With this approach, we examine the influence of the alkyl chain length (-(CH2)n-NH3
+, with 

n = 0, 1 and 2) in both phenyl and phenol chromophores on the spectroscopy and dynamics of 

protonated aromatic amines en route to the protonated amino acids, i.e., phenylalanine and 

tyrosine.  

p-hydroxybenzylamine(H+)

anilineH+ benzylamineH+

(1-phenylmethanamineH+) 

phenethylamineH+

(2-phenylethanamineH+)

4-aminophenolH+ 4-hydroxybenzylamineH+             

(4-(aminomethyl)phenolH+) 

tyramineH+

(4-(2-aminoethyl)phenolH+)  

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

energetically most favorable in solution. The IUPAC name is indicated in parentheses.    

In this paper, we present vibrationally resolved photo-fragmentation spectra of mass-selected 

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

~8000 cm-1 (~1 eV) above the band origin. The ions are sufficiently cooled in the ion trap 

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

in most cases, the fragmentation pathways change from the first electronic state to the second 

one, and even within the first excited state for the larger molecules. The overall behavior of 
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the UV photodynamics in these systems can be understood with a simple model, the ππ∗/πσ* 

model,32 supported by ab initio calculations. 

2 Experiment 

The electronic spectra of the protonated aromatic amines were obtained via parent ion photo-

fragment spectroscopy in a cryogenically-cooled quadrupole ion trap (Jordan TOF Products, 

Inc.).33 The setup is similar to the one developed by Wang and Wang.34 The protonated ions 

are produced in an electrospray ionization source built at Aarhus University.14 At the exit of 

the capillary, ions are trapped in an octopole trap for 90 ms. They are extracted by applying a 

negative pulse of c.a. 50 V and are further accelerated to 120 V by a second pulsed voltage 

just after the exit electrode. This time sequence of pulsed voltages produces ion packets with 

duration between 500 ns and 1 µs. The ions are driven by a couple of electrostatic lenses 

toward the Paul trap biased at 120 V so that the ions enter the trap gently avoiding 

fragmentation induced by collision. A mass gate placed at the entrance of the trap allows 

selecting the parent ion. The Paul trap is mounted on the cold head of a cryostat (Coolpak 

Oerlikon) connected to a water-cooled He compressor. Helium as buffer gas is injected in the 

trap using a pulsed valve (General valve) triggered 1 ms before the ions enter the trap. The 

ions are trapped and thermalized at a temperature around 50 K through collisions with the 

buffer gas. The ions are kept in the trap for several tens of ms before the photodissociation 

laser is triggered. This delay is necessary to ensure thermalization of ions and efficient 

pumping of the He buffer gas from the trap to avoid collision induced dissociation of the ions 

during the extraction towards the 1.5 m long time-of-flight mass spectrometer. After laser 

excitation, the ions are stored in the trap for a delay that can be varied between 20 and 90 ms 

before extraction to the TOF mass spectrometer. Full mass spectrum is recorded on a micro 

channel plates (MCP) detector with a digitizing storage oscilloscope interfaced to a PC. The 

photofragmentation yield detected on each fragment is normalized to the parent ion signal and 

the laser power.  

The photo-dissociation laser is an OPO laser from EKSPLA, which has a 10 Hz repetition 

rate, a resolution of 8 cm-1 and a scanning step of 0.1 nm. The laser is mildly focused in the 

trap with a 1 m focal lens and the laser power is around 20 mW in the UV. Part of the UV 

spectra have been recorded at the CLUPS facility in Orsay on a similar setup, but using a 

Nd:YAG pumped dye laser with a higher spectral resolution (0.2 cm-1). 
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3 Calculations 

Ab initio calculations have been performed with the TURBOMOLE program package,35 

making use of the resolution-of-the-identity (RI) approximation for the evaluation of the 

electron-repulsion integrals.36 The equilibrium geometry of the protonated species in their 

ground states (S0) have been determined at the MP2 (Møller-Plesset second order perturbation 

theory) level. Excitation energies and equilibrium geometry of the lowest excited singlet state 

(S1) have been determined at the RI-CC2 level. Calculations were performed with the 

augmented correlation-consistent polarized valence double-zeta (aug-cc-pVDZ) basis 

set[REF] except for anilineH+ for which the augmented correlation-consistent polarized 

valence triple-zeta (aug-cc-pVTZ) basis sets37 was used. The vibrations in the ground and 

excited states have been calculated and the electronic spectra simulated using the Pgopher 

software38 for Frank Condon analysis. 

4 Results 

The electronic spectra of all the molecules investigated in the present study are shown in 

Erreur ! Source du renvoi introuvable. for anilineH+ and 4-aminophenolH+, in Fig. 3 for 

benzylamineH+ and 4-hydroxybenzylamineH+ and in Fig. 4 for phenethylamineH+ and 

tyramineH+. For each molecule, we reported the photofragmentation yield on each fragment 

channel as a function of the laser wavelength. For all the molecules, NH3 loss (black line) is 

the most intense fragmentation channel. Other fragmentation channels are detected depending 

on the molecules: H atom loss (red line) and Cα-Cβ bond cleavage (blue line).  
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4.1 Electronic spectroscopy 
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Fig. 2 Comparison of anilineH+ (upper) and 4-aminophenolH+ (lower) photodissociation spectra. The 
origin is the 0-0 transition of the first excited state. The fragmentation channels are the NH3-loss 
(black) and H-loss (red). 
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Fig. 3 Comparison of protonated benzylamine and 4-hydroxybenzylamine photodissociation 

spectra. The origin is the 0-0 transition of the first excited state. The fragmentation channels 
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are NH3-loss (black) and H-loss (red) for protonated 4-hydroxybenzylamine. Only NH3-loss is 

observed for protonated benzylamine. 

 

As a general finding (Fig. 2, 3 and 4), the protonated molecules have a electronic spectrum 

similar to their neutral analogues corresponding to ππ* transition (see Fig. SI1 in Supporting 

Information), i.e. an intense 00
0 transition observed in the 35 000 – 38 000 cm-1 region 

together with a few active modes (ν1, ν12 around 800/900 cm-1 and ν6 around 500 cm-1). No 

bands have been observed further to the red of these absorption features. Higher in energy, a 

second unstructured band appears around 40 000 cm-1. As will be shown in the following, this 

transition can be interpreted as the excitation of a πσ* state where the electron is transferred 

from the π orbital on the aromatic ring to the σ∗ orbital of the ammonium group. For the 

higher energy region, we are limited by the wavelength range of the tunable laser. This 

experimental limitation precludes the observation of the second band in anilineH+, which 

should be higher in energy (vide infra). 

 

The origin of the anilineH+ transition is at 38215 cm-1, which is highly blue-shifted with 

respect to neutral aniline (34030 cm-1).39 A similar blue shift of the 00
0
 transition is observed 

for 4-aminophenolH+ (the first transition is at 31 395 cm-1 in the neutral molecule40 and 

36020 cm-1 in the protonated species) while for the other amines, benzylamine, 

hydroxybenzylamine, phenethylamine and tyramine, the transitions of the protonated species 

are very close to those of their neutral parent. This effect is linked to the deconjugation of the 

nitrogen lone pair with the addition of a proton on the amino group in aniline and 

4-aminophenol. 

 

For all these molecules, the width of the vibronic transitions is on the order of 7 cm-1, except 

for benzylamineH+, which exhibits broader bands (FWHM ~45 cm-1). The profile of the band 

origin recorded at higher resolution is presented in the Supporting Information (Fig. SI2): no 

spectral feature or low frequency progression is observed so that the spectral broadening can 

be assigned to a very short lifetime of the excited state of benzylamineH+. The FWHM being 

around 45 cm-1, the excited state lifetime is in the order of 100 fs. The FWHM of anilineH+ 
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measured at high resolution was ~7 cm-1, which includes the rotational contour, so that the 

excited state lifetime is greater than 1 ps.  

 

Shown in Erreur ! Source du renvoi introuvable. are the spectra for protonated phenethylamine 

(PEA) and tyramine. For these two molecules, at variance with the smaller amines, the 0o
o 

transition is weak and presents a low frequency progression of bands separated by 45 ± 5 cm-

1. Since the low frequency progression has a bell shape structure, the position of the 00
0 

transition for the two molecules cannot be determined precisely. Although the bands present 

an overlapping low frequency progression, the general aspect of the spectrum of protonated 

PEA looks similar to the spectrum of neutral PEA. The first member of the progression 

clearly observed is at 37 577 cm-1, which is not very different from the 00
0 transitions of the 

different conformers of neutral phenethylamine (ranging from 37 538 to 37 629 cm-1).4142  

According to Sun & Bernstein,42 the band at ~673 cm-1 is assigned to the 6b mode and the 

intense band at ~1500 cm-1 above the band origin can be assigned to the 6b0
1 120

1 combination 

band. In protonated tyramine (Fig. 4), the spectrum is dominated by long low frequency 

vibrational progressions, which are superimposed on other vibrational modes. This results in 

broad bands, the first two being separated by c.a. 800 cm-1 and  the ν6 mode seems to be 

absent (or weak), as in protonated benzylamine. 
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Fig. 4 Comparison of tyramineH+ (lower spectrum) and phenethylamineH+ (upper one) photodissociation spectra. The 
origin is the 0-0 transition of the first excited state. For these molecules there are 3 major fragments: H-loss is in red, NH3 

loss in black and Cα-Cβ bond breaking in blue.   

 

4.2 Fragmentation channels 

As it can be seen in Fig. 2, 3 and 4, several fragmentation channels are observed in these 

protonated molecules and compete with each others. Depending on the molecules, their 

branching ratios can depend on the excess energy in ππ* state and change from the first to 

second electronic states. In particular, excitation of the second electronic state leads to an 

increase of the H-loss channel.  

Near the 00
0 transition, the most intense fragmentation channel is NH3-loss: for 

benzylamineH+ and 4-hydroxybenzylamineH+, this is the only fragmentation channel 

observed, for anilineH+ and 4-aminophenolH+, the H-loss channel is also detected, for PEA 

and tyramineH+, which possess the longest alkyl chain ((CH2)2-NH3
+), Cα-Cβ bond cleavage 
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is observed. It should be noted that, for all these protonated molecules, NH3 loss is the most 

abundant channel in collision induced dissociation (CID).43 The other fragments are not 

detected under CID at low energy (below 5 eV) except for anilineH+ for which H-loss is 

observed,29 and thus seem to be specific of  UV photoexcitation.  

For PEA and tyramineH+, there is a huge contrast in the photofragmentation as compared to 

the smaller amines. At low energy, the Cα-Cβ bond cleavage constitutes a new fragmentation 

path so that the global fragmentation pattern is more complex and the branching ratio between 

the different fragmentation channels evolves drastically within a short energy range. The Cα-

Cβ bond cleavage leads to m/z 92 and m/z 91 fragments: they are obtained by a proton 

transfer from NH3
+ to the cycle and Cα-Cβ bond cleavage (giving m/z 92) and by a successive 

H transfer (giving m/z 91).     

For PEA, at 673 cm-1 above the band origin, the fragmentation channel shifts from the Cα-Cβ 

bond cleavage to the NH3-loss channel (leading to m/z 105 fragment). As seen in the inset of 

Erreur ! Source du renvoi introuvable., both fragmentation channels coexist over a small 

energy range of ~100 cm-1 preceding the shift, and the NH3-loss channel rapidly gains 

intensity: of very low intensity (if present) on the band at 578 cm-1, of equal intensity as the 

Cα-Cβ bond cleavage channel on the 631 cm-1 band and largely dominant on the 673 cm-1 

band. Beyond this energy, the Cα-Cβ bond breaking channel disappears. This behavior in the 

two fragmentation channels demonstrates that the NH3-loss channel opens at around 650 cm-1 

of excess energy in the excited state, with an increasing yield. The bell-shape Franck Condon 

structure of the 00
0 transition is still present on the second band for the Cα-Cβ bond cleavage 

channel, but on the NH3-loss channel, the intensity of the band at 673 cm-1 band is much 

greater, which indicates that the fragmentation yield is lower in the Cα-Cβ bond rupture 

channel than in the NH3-loss channel, i.e., the fragmentation yield is not unity. The abrupt 

change (within ~100 cm-1) of the fragmentation pathway clearly means that the dynamics is 

changing in the excited state with excitation energy: such a sharp transition is unlikely to 

occur after internal conversion to the ground state because the total energy change between 

the two channels is ~0.3 % (100 cm-1/36000 cm-1).  

For tyramineH+, the fragmentation pattern is different than in PEA: all photo-

fragmentation channels except H-loss coexist at low energy. The Cα-Cβ bond rupture channel, 

leading to m/z 108, is very weak and is only present up to ~500 cm-1 above origin, as in PEA.  
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In contrast to PEA, the main fragmentation channel at low energy is NH3-loss (m/z 121 

photofragment). On the other hand, the H-loss channel, which is absent in the low-energy 

region, is the most abundant fragment in the high-energy region. NH3-loss at low energy and 

H-loss at higher energy is similar to the fragmentation pattern in 4-aminophenolH+.    

4.3 Electronic state calculations 

Table 1 Summary of the calculations for the first two excited states of protonated aromatic amines. 

calculations have been performed with the CC2 method and the aug-cc-pVDZ basis sets for all 

molecules, except anilineH+ for which the aug-cc-pVTZ basis set was used. All energies are in eV. 

Protonated Molecules 
S1-S0 

Vert.(a) 

S1-S0(ππ*)  

Adia.(b) 

S2-S0(πσ*)  

Vert.(c) 

δZPE 

S1- S0
(d) 

Calc. 00
0 (e) Exp. 00

0 (f) 

anilineH+ 5.28 5.09 6.46 - 0.19 4.90 4.74 

benzylamineH+ 5.02 4.85 5.85 - 0.20 4.65 4.60 

phenethylamineH+ 5.09 4.90 5.86 - 0.16 4.70 4.66 

4-aminophenolH+ 4.81 4.62 5.38 - 0.19 4.42 4.47 

4-hydroxybenzylamineH+ 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 

aS1 ← S0 vertical transition energy ; bS1 ← S0 adiabatic transition energy ; cS2 ← S0 vertical 

transition energy ; ddifference in zero-point energy between the ground and first excited states 

(δZPE S0-S1), the δZPE values in italic have not been calculated but are an average of those 

calculated for the other molecules, all around 0.2 eV ; ecalculated S1 ← S0 origin transition ; 
fexperimental S1 ←S0 origin transition. 

 

For all molecules, protonation of the amino group leads to the most stable isomer in the 

ground electronic state (at the MP2 level of theory). Their excited state properties calculated 

at the CC2 level are reported in Table 1. In these molecules, the first excited state corresponds 

to a ππ* transition. The second excited state has a charge transfer character, in which the 

active electron is transferred from the π orbital to a Rydberg orbital centered on the 

protonated amino group. For planar or nearly planar molecules as anilineH+ and 

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

previous studies on protonated aromatic amino acids. 15,16 

 

Geometry optimizations of the ground and the first excited states have been done for all 

molecules (see Supplementary Information). For the small molecules, we found that the 

geometry changes between ground and excited states are relatively small. In PEA and 

tyramineH+ (like in tyrosine),16 the proton pointing to the aromatic ring is much closer to the 

C2 carbon in the excited state than in the ground state, which induces a change in the planarity 

of the aromatic ring, the H atom linked to C2 being 10° below the benzene plane. In addition, 

there is a torsion motion of the chain, which leads to low frequency active modes in the 

electronic spectrum.  

There is a good agreement between the experimental and calculated 00
0 transitions of the 

first excited state when the variation in zero point energy (δZPE) between the S0 and S1 states 

is taken into account. This δZPE is within the same values (0.16 to 0.20 eV) for the four 

molecules (anilineH+, benzylamineH+, PEA and 4-hydroxybenzylamineH+) for which it has 

been calculated. For the other species, a δZPE of 0.19 eV has been estimated as the average of 

the previous ones. The adiabatic energy for the ππ* transition in the protonated species with a 

hydroxyl group in para position, i.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 for the simplest molecules, i.e., anilineH+ and 

protonated benzylamine. There is a good agreement between the experimental and simulated 

spectra that can therefore be assigned without ambiguity. In the case of anilineH+, the 

transition involving the ν6 mode at 530 cm-1 above the origin is not reproduced and its 

intensity in the experimental spectrum may be induced by a vibronic coupling with a higher 

electronic state. The good agreement between experiment and calculations indicate that 

indeed the proton is located on the amino group.  

Moreover the vertical energy of the first excited state for the isomer with proton on the 

aromatic ring (in para position) has been calculated at 5.1 eV (CC2\cc-pVDZ) but it 

undergoes a fast internal conversion through ring deformation44, which should lead to broad, 

unstructured absorption. If the proton is in ortho position, the calculated transition is around 

3.8 eV, much lower than the observed transition.44 
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For protonated benzylamine the S0 and S1 geometries are quite similar and the spectral 

simulation performed does not exhibit low frequency progressions or sequences. Thus the 

observed broadening of the vibrational bands is most probably due to a fast non-radiative 

process, confirming what was deduced from higher spectral resolution experiment (section 

4.1).  

 

 

0 500 1000 1500

0 500 1000 1500

Energy above origin (cm-1)

0 500 1000 1500

Energy above origin (cm-1)

0 500 1000 1500

(a)

(b)

 

Fig. 5 Calculated spectra (lower panels) compared with the experimental ones (higher panels) for anilineH+ (a) and 

benzylamineH+ (b). At this scale one clearly sees that the bands of benzylamineH+ are broadened. 
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5 Discussion 

The comparison between the experimental electronic spectra recorded over a large 

spectral range and the calculations of the first excited states emphasizes the role of the πσ* 

state in the photodissociation of these protonated amine molecules. The πσ* state is 

calculated between 0.4 and 1 eV above the origin of the ππ* state. Indeed, the onset of the 

second band at high energy closely matches the calculated vertical gap between ππ* and πσ* 

states (see Table 2), consistent with a direct excitation of this state at high energy. For 

anilineH+, the calculations indicate that the πσ* state has a vertical transition energy of 

6.8 eV, so that it cannot be observed under our experimental conditions. For the other 

molecules, the slow onset of the high energy transition is either due to the repulsive nature of 

this potential, which is in agreement with the absence of any vibrational structure, or to a very 

fast non-radiative decay.  

The πσ*state is characterized by an electron transfer from a π orbital located on the ring 

to a σ* Rydberg type orbital localized on the NH3
+ ammonium group, the  C-NH3

+ group 

becomes hypervalent and NH bonds become unstable as in NH4.
45–47 In protonated 

tryptamine12 and tryptophan,9,117,16,11,15,13 this leads to the observation of the specific UV 

photofragmentation channels as H-loss. Besides, Cα-Cβ bond rupture is also detected in these 

later molecules for which the protonated amino group points towards the aromatic ring. In the 

protonated amines studied here, even near the origin transition of the ππ* state, UV specific 

H-loss or Cα-Cβ bond cleavage channels are observed along with the NH3-loss, which is 

commonly observed in low-energy CID experiments. In the following, we will present a 

model to rationalize the competition between the different fragmentation channels in line with 

the more general ππ*/πσ* model32 which has been shown to be quite successful in explaining 

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

azine (NH) groups. 

Table 2 Dissociation energies (∆E) for the H loss channel and ππ*/πσ* energy gaps. ∆E are calculated using the 

formula (1) and the ππ*/πσ* energy gap is deduced from the vertical energies of the ππ* and πσ* states. All 

energies in eV. 

Molecules Exp 00
0 Calc. ∆E 

Exp 

S1-S2 energy gapb 

Calc. 

ππ*/πσ* 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 4.60a 0.4 0.56 

tyramineH+ 4.35 4.82a 0.37 0.40 

athese values are calculated at the MP2/aug-cc-pVDZ level of theory. b measured on the H-loss channel except for benzylamineH+.  

 

Let us highlight the main findings, which support our simple qualitative model for the 

protonated species: 

a) The electronic spectra of the protonated and neutral species are very similar (see 

Fig. SI1). The nature of the aromatic ring is weakly perturbed and the first 

electronic transition is essentially a ππ* transition at low energy (below 4.8 eV). 

From 0.4 eV to 1 eV higher in energy, the second electronic πσ* state is reached.  

b) For the simplest nearly planar protonated aromatic amines, i.e., anilineH+ and 

4-aminophenolH+, the H-loss channel is observed on the 00
0 transition of the ππ* 

state. This strongly suggests an efficient coupling between the locally excited ππ* 

state with the dissociative πσ* state.  We can assign this H-loss channel to the NH 

bond rupture. 

c) In benzylamineH+, the broad vibrational transitions indicate that the excited state 

lifetime is short (in the order of ~100 fs). This shows that fast non-radiative decays 

are involved following the ππ* excitation 

d) For PEA, the fragmentation channels change abruptly within ~100 cm-1.  

The proposed scheme emphasizes the role of the H atom dynamics and has already been 

discussed in previous studies on aromatic amino acid fragmentations32,16 (see Fig. ). 

The ππ* excited state dynamics and further fragmentations are controlled by the presence 

of a quasi-dissociative πσ* state along the NH coordinate of the ammonium group (Fig. 

6). The excited state lifetime is controlled by the energy of the first ππ*/πσ* crossing and 

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

a second crossing between the πσ* state and the ππ ground state, the ground state 
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correlating with the M + H+ limit and the πσ* with the M+ + H limit. The three NH bonds 

of the ammonium group are free in the case of anilineH+ or 4-aminophenolH+, the H-loss 

channel may occur from any of these bonds. In phenethylamineH+ and tyramineH+, which 

possess the longest alkyl chain, the excited state geometry is such that one hydrogen atom 

of the ammonium group is pointing towards the aromatic ring, leading to a proton transfer 

to the π-ring as in the protonated aromatic amino acids.  

  

N..H

M++H

M+H+

M*+H+

ππ

ππ∗

πσ∗

M++H+

∆E

IE(M)

IE(H)

PA(M)

 

Fig. 6: Scheme of the proposed mechanism. The fragmentation is triggered by the repulsive nature of the πσ* state localized 

on the amino group and depends on the coupling with the ππ* state, the energy of the πσ*/ππ* crossing (width of the barrier 

from ππ* to πσ*) and the energy of the second πσ*/ππ  crossing. 

  

 Let us see how the experimental findings can be interpreted with this model.  

(a) At the 00
0 transition, H-loss is observed in some species but not all of them. The 

dissociation limit (∆E) in M+ + H can be calculated from the formula:  

∆E = IE(M)+PA(M)-IE(H),     (1) 
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where IE(M) and IE(H) are the ionization energies of the molecule and hydrogen and PA(M) 

is the proton affinity of the molecule. IE(M), PA(M) and IE(H) are known values from the 

literature.[NIST] The values of the dissociation energies ∆E as well as the ππ*/πσ* energy 

gaps are reported in Table 2. It can be clearly seen that for two protonated species, anilineH+ 

and 4-aminophenolH+, the M+ + H dissociation limit is much lower (< 0.7 eV) than for the 

other ones and well below the excitation energy. Thus in these protonated species, the barrier 

from ππ* to πσ* is low enough to be tunneled through, and the energetically accessible H-

loss channel is observed. The calculated ππ*/πσ* energy gap is relatively high for 

4-aminophenolH+ (0.5 eV) and even larger for anilineH+ (1.18 eV). Nevertheless, the low H-

dissociation energy limit implies that the slope of the repulsive πσ* curve is steep, which 

lowers the energy of the ππ*/πσ* conical intersection sufficiently so that the H-loss is indeed 

observed even at the band origin. It is worth mentioning that the yield of the H-loss versus 

NH3 loss is greater in 4-aminophenolH+  than in anilineH+, which is support by the smaller 

ππ*/πσ* energy gap in the former. For the other ions, this channel is nearly energetically 

closed such that the exit channel goes through the crossing with the ππ ground state (hindered 

H-loss), which leads to internal conversion and CID-like fragmentation (statistical 

fragmentation). 

(b) The second point is that the lifetime of first electronic states varies on at least one 

order of magnitude (~100 fs for benzylamineH+ and larger than 1 ps for the other molecules). 

In benzylamineH+, due to the geometry of the molecular ion and the nature of the orbitals, 

there is a large overlap between the π* orbital and the σ* orbital (see Fig. ). This overlap 

should result in a strong coupling between the ππ* and πσ* state, which then should lead to a 

very short lifetimeHere, the deformation is much more important than in catechol where the 

lifetime has been measured at 10 ps(ref stavros) and thus the very short lifetime is not 

surprising. One would have expected the π*/σ* overlap in 4-hydroxybenzylamineH+ and 

phenethylamineH+ to be quite similar or even better than in benzylamineH+ since one proton 

of the NH3 group is pointing toward the aromatic ring. However, no fast relaxation is 

observed experimentally. The calculations indicate that the σ* orbital has no overlap with the 

π*-orbital (see Fig. ), therefore the coupling should be smaller and the lifetime is expected to 

be longer. 
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π∗ orbital σ∗ orbital

benzylamineH+

Cs symmetry broken

Cs symmetry

4-hydroxybenzylamineH+

phenylethylamineH+

 

Fig. 7 π* and σ* orbitals of benzylamineH+ (upper), 4-hydroxybenzylamineH+ (middle) and phenethylamineH+ (lower). In 

benzylamineH+, the overlap between these orbitals is large and a strong ππ*/πσ*coupling is expected. In 

4-hydroxybenzylamineH+ and phenethylamineH+ the overlap is small and the electronic coupling should be small. 

 (c) In protonated PEA and tyramine, fragments corresponding to the Cα-Cβ bond rupture 

(m/z 91 and 92 photo-fragments of PEA and m/z 108 photo-fragment of tyramineH+) are 

observed at low energy and this channel closes abruptly at c.a. 690 cm-1 above the band 

origin. The Cα-Cβ bond rupture is a minor fragmentation channel for both molecules, being 

the only one at low energy in PEA, whereas in tyramineH+ it is in competition with the 

NH3-loss. The Cα-Cβ bond rupture is commonly found in the UV photodissociation spectra of 

protonated aminoacids:6 it has been calculated for both protonated tyrosine and protonated 

tryptophan16 and in the latter case it has been detected through the m/z 132 photo-fragment 

(with an additional H transfer).78 For protonated phenethylamine, the first excited state of the 

isomer with the proton on the aromatic cycle has been calculated 1.1± 0.1 eV lower in energy 

than the ππ* adiabatic energy for the structure with proton on the amino group. 

In protonated phenethylamine, the fragmentation yield is weak at the origin and 

increases with energy: the intensity of the band at 673 cm-1 above the origin is higher for the 

opening channel (NH3-loss), so that the fragmentation yield increases. This means that the 

fragmentation yield for the Cα-Cβ bond cleavage channel may be quite low and therefore may 

be in competition with other channels such as intersystem crossing or fluorescence.  Since the 
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proton transfer to the π-ring in the S1 state requires some deformation of the aromatic ring, it 

could be a slow process (ns timescale, similar to the radiative process), and the higher energy 

channel (NH3-loss) should be faster. By analogy with the other protonated amines, we assign 

the new channel to the hindered H-loss along the NH coordinate, resulting in internal 

conversion through πσ*/ππ conical intersection. The ππ*/πσ* energy gap is smaller in 

tyramineH+ than in phenethylamineH+, therefore the conical intersection is lower  in energy 

and the NH3 loss channel is open at the band origin.  

 

The observed dynamical behavior of the protonated ions can be explained within the 

frame of this simple model. However, it is clear that it is only qualitative and more theoretical 

works are required to make it quantitative. Moreover, we have only discussed one 

non-radiative mechanism -fragmentation via ππ*/πσ* dynamics- but other mechanisms such 

as intersystem crossing or internal conversion through pyramidalization as in benzene can 

play an important role.48 Finally, for the amines with a phenol chromophore, it is not clear 

whether the H-loss channel corresponds only to the repulsive πσ* state on NH or to the one 

on OH as evidenced in neutral phenol324950 or to both. But the calculations locate the πσ* state 

on the OH group higher in energy than the πσ* state localized on the ammonium group. 

Nevertheless, the most salient features of the experimental observations can still be explained. 

The model predicts that strong variations in the excited state lifetimes should be observed 

when the energy is scanned over the electronic absorptions.  

Conclusions 

We have presented in this paper the electronic spectra of the simplest protonated aromatic 

amine molecules. The vibrational analysis shows that the electronic structure of the aromatic 

ring is weakly perturbed by protonation on the amino group. Upon excitation, the 

fragmentation pattern is quite rich with several fragmentation channels in competition. 

Nevertheless, the complex fragmentation behavior can be rationalized using a simple model, 

the ππ*/πσ* model developed in the last ten years, which can be applied to closed-shell –OH 

and –NH containing aromatic molecules both neutral and protonated. For protonated 

phenethylamine and tyramine, the very drastic change of the fragmentation branching ratio 

within 650 cm-1 represents a challenge for theoretical calculations. 
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