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Abstract: In recent experiments, the excited-state lifetimes of protonated aromatic amino acids (TrpH+

and TyrH+) have been recorded by means of pump-probe photodissociation technique. The lifetime of
TyrH+ is much longer than that of TrpH+, which has been initially rationalized on the basis of a simple
phenomenological model. Besides, specific photofragments including the formation of radical cation after
hydrogen loss are observed for TrpH+ that are not found for TyrH+. The ab initio calculations reported
here for TrpH+ and TyrH+ using a coupled-cluster method are meant to track the rich photochemistry of
these protonated amino acids following UV excitation.

Introduction

Among naturally occurring amino acids, three possess
fluorescent aromatic chromophores: tryptophan (Trp), tyrosine
(Tyr), and phenylalanine (Phe). Among them, Trp has been the
most studied owing to its strong fluorescence yield and the rich
variety of information it provides according to the possible
environments.1 By monitoring the Trp fluorescence in proteins,
one can noninvasively diagnose malignancy in cells.2,3 To
understand the mechanism of fluorescence spectroscopy for
cancer detection and to further improve its efficiency,4 the
understanding of the primary photoprocesses occurring in the
bare molecule is nevertheless required. Interestingly, Trp
fluorescence lifetime and intensity vary by orders of magnitude
when the pH varies and drops dramatically at low pH when
Trp is fully protonated, emphasizing a predominant nonradiative
process.1 H. Shizuka et al. have shown that the fluorescence
intensity increases significantly when Trp complexes with 18-
crown-6.5 This observation suggests that the ammonium group
plays a key role in the internal quenching of Trp. It has been
stated that internal quenching is caused by electrophilic proto-
nation by the ammonium ion at a different carbon position of

the excited indole ring6,7 according to the rotamer model.8,9 In
proteins, depending on local structural assembly, the excited-
state could be quenched by neighboring peptide bonds and other
amino acid residues.10 This quenching is thought to mainly occur
via through-space charge-transfer reactions such as with a
disulfide bond (cystine), tyrosine, or positively charged histi-
dine.11 From these extensive experimental studies, it thus seems
that electron transfer and/or proton-transfer processes play a key
role in the excited-state properties of Trp. With the help of high
level ab initio calculations that can be performed nowadays,
one should be able to tackle this fundamental question.

Although the fluorescence of Trp has been widely studied
experimentally as reported above, only fewab initio calculations
have been undertaken on the excited-state properties of aromatic
amino acids. M. A. Robb et al. recently report computational
study on the fluorescence quenching of zwitterionic tryptophan
at the CASSCF/6-31G* level.12 Hydrogen transfer process in
the excited-state from the protonated amino group to the indole
chromophore has been proposed to rationalize the fluorescence
quenching of tryptophan at neutral and slightly acidic pH. This
hydrogen transfer goes through a conical intersection where the
reaction path bifurcates toward either a completed hydrogen
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transfer leading to a ground state tautomer or a decarboxylation
product tryptamine. An alternative mechanism has also been
proposed by P. R. Callis et al., where the quenching of theππ*
state is due to charge transfer to the CdO peptide backbone.13-15

In the case of neutral aromatic molecules such as phenol and
indole (the chromophores of Tyr and Trp, respectively),16-19 it
has been shown that nonradiative decays involving couplings
with dissociative excited states play a key role in the photo-
physical properties of these molecules. Beside the two well-
known electronic states of indole, La and Lb of ππ* nature,
recent quantum calculations have invoked a nearbyπσ* excited
state, dissociative along the indole N-H stretch coordinate.20

However, because of the lack of experimental data, only very
sparse theoretical works have been devoted to the excited-state
properties of protonated Trp. Nevertheless, all of these studies
have pointed out the presence of a low-lyingπσ* excited-state
independently of the method used, either TD-DFT,21,22 DFT/
MRCI,23 or CC2.24 In the particular case of TD-DFT calcula-
tions, a low-lying charge-transfer state where the electron is
mainly localized on the acidic group is predicted. However, this
is an artifact of the TD-DFT method that tends to underestimate
the CT state25 energy and as evidenced by the other calculations
at the MRCI and CC2 level.

UV photoexcitation studies of gas-phase protonated amino
acids molecules have emerged in recent years with the combina-
tion of mass spectrometry and laser spectroscopy techniques.
Several experimental groups have investigated in both frequency
and time domains the fragmentation of these biomolecules after
UV absorption (UV-LID).23,26-29 Comparison with conventional
collision induced dissociation (CID) experiments has revealed
that among the ionic fragmentation channels observed, some
are common to both excitation schemes whereas a new
de-activation pathway, namely formation of radical species
following H atom loss, is evidenced in the UV-LID fragmenta-
tion pattern. If the former ones can be assigned to internal
conversion process to the electronic ground state, the latter seems
to imply a direct dissociation in the excited-state prior to energy

redistribution (IVR) that leads to nonstatistical type of frag-
mentation.30 Furthermore, small peptides containing aromatic
amino acids also exhibit a rich photo fragmentation pattern, with
the presence or not of radical species.31 Interestingly, even when
the aromatic residue is not directly protonated but embedded
in GWG or GYG tripeptide, a rather short lifetime has been
recorded that emphasizes a through-space mechanism for the
electron transfer from the locally excitedππ* state to theπσ*
state located on the protonated amino group of the N-terminal
glycine.32

In the view of these recent experimental data, we have already
undertaken anab initio study using the coupled-cluster method
with single and double excitation (CC2) of the excited-state
properties of protonated tryptamine that exhibits a simpler
fragmentation pattern with the presence of both radical and
internal conversion type fragments. Excited-state structure
optimization has been performed and has revealed the very
important role of an excited-state dissociative along the NH
stretch of the protonated amino group, theπσ* state.24 The
coupling between the optically excitedππ* state and theπσ*
state induces an electron transfer from the indole ring toward
the NH3

+ group, which results in the neutralization of the amino
group producing an unstable radical species, as for NH4. H atom
loss reaction occurs through a small barrier of 0.1 eV. In the
course of the reaction, theπσ* state crosses the electronic
ground state potential surface with the possibility of H recom-
bination and internal conversion process.

Applying this model and using simple energetic to aromatic
amino acids, namely tryptophan and tyrosine, we could predict
that the excitedπσ* state should be in the vicinity of the locally
excitedππ* state, with an energy gap larger in tyrosine than in
tryptophan.27 The aim of this study is to give an exhaustive
and comprehensive picture of the excited-state properties of
these two amino acids using high levelab initio methods.
Enlightened, the intrinsic properties of these simple molecules
may provide a good starting point for further investigations on
larger peptides. We have calculated vertical excitation energies
for several low-lying isomers of protonated tyrosine and
tryptophan and performed geometry optimizations of the first
excited states to explore the possible deactivation pathways
involved in these protonated species.

Computational Methods

Not all conformers of the systems that could be present in the
experiments are considered in the present work. The most relevant
structures that are essential for explanation of the photoinduced
processes have been selected with a molecular-mechanics search. The
ground-state geometry of the most stable structures preselected in this
way was next optimized with the second-order Møller-Plesset (MP2)
method.

Excitation energies and response properties have been calculated
with the CC2 method,33 which is a simplified and cost-effective variant
of the coupled-cluster method with single and double excitations. CC2
can be considered as the equivalent of MP2 for excited electronic states.
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The vertical and adiabatic energies along with the minimum energy
path (MEP) of the first excited singlet states have been calculated at
the CC2 level, making use of the recently implemented analytic CC2
gradients.34

These calculations were carried out with the TURBOMOLE (V.5-
7-1) program suite,35 making use of the resolution-of-the-identity (RI)
approximation for the evaluation of the electron-repulsion integrals.36

Calculations of the vertical excited-state energies have been performed
using four different Gaussian basis sets in order to test basis set effect
on the calculated quantities. The basis sets used range from the simple
split-valence double-ú Gaussian basis set with polarization functions
on heavy atoms (def-SV(P)),37 through the mixed def-SV(P) and the
correlation-consistent Dunning-Hay valence double-ú (cc-pVDZ),38 up
to the most extended basis set, aug-cc-pVDZ on all atoms. All these
results, including vertical excitation energies and molecular structures,
are reported in the Supporting Information.

As a compromise between the precision and the cost of calculations,
all the results discussed in the paper, including ground state optimization
at the MP2 level and excited-state properties and optimizations at the
CC2 level, were obtained with the aid of the mixed basis set, def-SV-
(P) on carbon and hydrogen atoms and aug-cc-pVDZ on nitrogen and
oxygen atoms.

Results and Discussions

Protonated Tyrosine. Ground States Isomers.Two of the
most stable conformers of protonated tyrosine were investigated.
It should be noticed that the increase of strength of the proton
bonding in protonated systems reduces the number of low-lying
isomers as compared to the neutral one.39,40Atom labeling and
two structures (isomer A and isomer B) are plotted in Figure 1.
Their ground state optimized geometries are reported in Table
1. Their Cartesian coordinates are supplied in the Supporting
Information. They differ from each other mainly by a 2π/3
rotation of the amino acid moiety along the C2-C5 (CR-Câ)
bond. For both isomers, the protonated amino group forms one
proton bond to the carboxylic oxygen and one to the phenyl
ring whereas one NH remains unbounded. In isomer A, which

is more stable than isomer B by 0.03 eV at the MP2 level, both
the NH3 and the COOH groups lie above the phenyl ring,
whereas in isomer B, the carboxylic acid moiety points away
from the aromatic chromophore. As reported for protonated
tryptophan,24 structures with the protonated amino group point-
ing away from the chromophore are expected to lie much higher
in energy and can be discarded.

Vertical Excited-State Energies and Electronic Structures.
Calculated vertical transitions of protonated tyrosine are reported
in Table 2 and illustrated in Figure 2 (for more extended results
see Supporting Information). The first four excited states are
ordered in increasing energy along with their oscillator strengths
and dipole moments. Within the accuracy of calculation, these
isomers share several similarities. For both isomers, the S1 state
is noticeably separated from the higher excited states, with a
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Figure 1. Atom labeling and ground state optimized structures of two low-
lying isomers of protonated tyrosine (MP2). Isomer B is calculated 0.03
eV higher than isomer A.

Table 1. Optimized Gas-Phase Geometries for the Ground and
First Excited-State of Isomers A and B of Protonated Tyrosine

isomer A isomer B

S0
a S1

b S0
a S1

b

Bonds (Å)
N1C2 1.503 1.505 1.501 1.503
N1H16 1.045 1.075 1.041 1.076
N1H15 1.030 1.030 1.031 1.031
N1H14 1.040 1.043 1.038 1.043
C2C3 1.526 1.528 1.519 1.524
C3O4 1.217 1.226 1.218 1.226
C3O13 1.332 1.340 1.332 1.338
O13H25 0.984 0.987 0.984 0.987
C2C5 1.540 1.543 1.540 1.547
C5C6 1.507 1.499 1.506 1.498
C6C7 1.409 1.457 1.407 1.426
C7C9 1.402 1.441 1.398 1.418
C9C11 1.402 1.431 1.405 1.436
C11O12 1.359 1.350 1.360 1.351
O12H24 0.974 0.984 0.974 0.984
C11C10 1.406 1.429 1.404 1.424
C10C8 1.395 1.421 1.398 1.445
C8°C6 1.411 1.422 1.410 1.453

Dihedrals (deg)
C6C7C9C11 -1 -14.7 1.2 4.2
C6C8C10C11 -0.8 -5.2 0.7 15.4
C7H20C9C6 2.7 18.3 1.5 0.1
C8H21C6C10 2 0.5 2.3 19.2

a MP2/SV(P) on C, H, and aug-cc-pVDZ on N, O calculations.b CC2/
SV(P) on C, H, and aug-cc-pVDZ on N, O calculations.

Table 2. Vertical Excitation Energies (eV), Oscillator Strength,
and Dipole Moment (in Debye) of Two Isomers of Protonated
Tyrosine at the CC2 Level with the Mixed Basis Set, def-SV(P), on
Carbon and Hydrogen Atoms and aug-cc-pVDZ on Nitrogen and
Oxygen Atomsa

state
energy/

eV f
µ/

debye configuration

Isomer A
S0 - - 7.54 -
ππ*/π3p 4.88 0.023 6.59 30%(ππ1*),29%(π3pNH3)
πσ* 5.73 0.037 9.32 77%(πσNH3*)
ππ* 5.87 0.233 4.95 21%(ππ2*),20%(ππ3*)
ππCO* 6.10 0.004 6.23 15%(nCOOH3pNH3),12%(ππCO*)

Isomer B
S0 (0.032)b - 4.81 -
ππ*/π3p 4.89 0.023 4.42 39%(ππ1*),32%(π3pNH3)
π3p/πσ* 5.74 0.165 4.05 31%(π3pNH3),23%(πσNH3*)
πσ* 5.81 0.134 7.71 59%(πσNH3*)
ππCO* 6.10 0.025 5.34 16%(nCOOH3pNH3),12%(ππCO*)

a Ground state energies (eV) are calculated at the MP2 level with the
same basis set.b Ground state energy (eV) relative to the most stable isomer.
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S2/S1 energy gap of about 0.8 eV at this level of theory. The
electronic structure of the S1 state is mainly ofππ1* character
(Lb state in the Platt’s nomenclature), corresponding to a
πHOMO-π* valence transition, with the latter containing a
significant contribution from the 3p Rydberg orbital of the NH3

group. The S1 (Lb) oscillator strength is almost 1 order of
magnitude lower than for the secondππ2* state (La state) that
lies at much higher energy (roughly 1 eV), as for neutral tyrosine
and phenol. TheππCO* state is calculated even higher in energy
with a very weak oscillator strength. Therefore, the two La and
ππCO* states are unlikely populated through 266 nm (4.66 eV)
photon excitation. Note that the lowest unoccupied molecular
orbital LUMO in both isomers hasσ* (3s Rydberg) character
with electron density localized over the NH3 group. Theπσ*
state is characterized by a larger dipole moment and similar
oscillator strength as the Lb state.

The main difference between isomers A and B is related in
the ordering of the higher excited states, with theπσ* state lower
than the secondππ* state in isomer A. In Figure 2 are plotted
the relevant molecular orbitals involved in the electronic
excitation to the lowest excited states of the two isomers. In
general, the electronic nature of the excited states is difficult to
assign because they are considerably mixed. Furthermore, the
π* orbitals are significantly delocalized over the whole system
with some electron densities on carboxylic acid and amino
groups.

Basis Set Effects.The effect of the basis set has been tested
on both isomers, and the calculated vertical excitation energies
are reported in tables TSI1 and TSI2 in the Supporting
Information. The extension of the basis set up to aug-cc-pVDZ
on all atoms lowers the excitation energies by about 0.2 eV for
the lowestππ* state and by about 0.4 eV for the lowestπσ*
state as compared to the basis set discussed above (Table 2).

The most important result of the calculated vertical excitation
energies of protonated tyrosine is a large energy gap between
the firstππ* state and theπσ* state, which remains as large as
0.6 eV even for the most extended basis set used in the
calculations. This relatively large energy gap was postulated in
our previous work on the basis of simple energetic consider-
ations.27 The H atom dissociation energy of the N-H bond is
calculated from asymptotic values of the proton affinity, the
ionization energy of the amino acid and the ionization potential
of hydrogen atom. If one assumes that the potential energy
surface of theπσ* state along the dissociative N-H coordinate
is not influenced by the nature of the aromatic chromophore,
the vertical excitation energy ofπσ* state at the ground state
optimized geometry can thus be estimated for the different
protonated amino acids, tryptophan and tyrosine, for instance.
Accordingly, theπσ*/ππ* energy gap is expected to be 0.6 eV
larger in tyrosine than in tryptophan, in fine agreement with
the present result obtained with high levelab initio calculations.

Optimization of Excited-State Geometry.Optimization of
the first excited-state has been performed at the CC2 level. The
optimized geometries of the two isomers are reported in Table
1, and the Cartesian coordinates are supplied in the Supporting
Information. The S1 adiabatic energies are lowered by roughly
the same amount for the two isomers,-0.25 and-0.26 eV in
isomers A and B, respectively, which sets the calculated band
origin at 4.63 eV for both isomers. The S1 state optimization
leads to a strong geometry rearrangement, in particular to
substantial puckering of the aromatic ring that is indicated by
the changes in the dihedral angles C6C7C9C11 and C6C8C10C11

of about 15° in isomers A and B, respectively (see Table 1).
Besides, the hydrogen atoms bound to the C7 (isomer A) and
C8 (isomer B) carbon atom significantly bend out of the aromatic
ring by roughly 18°. Finally, the N1H16 bond pointing toward
the C7/C8 carbon atom of the phenyl ring elongates from 1.045/
1.041 Å in S0 to 1.075/1.076 Å in S1 and the N1H16-C7/N1H16-
C8 distances strongly shorten from about 2.4 Å to 1.985/1.978
Å in isomers A and B, respectively. The electronic structure of
the S1 state becomes a combination ofππ* and πσ* configura-
tions, theσ* orbital being the 3s Rydberg type localized on the
NH3 group.

In construction of the reaction path for N-H bond cleavage
of the protonated amino group, the coordinate-driven minimum-
energy-path (MEP) approach was utilized, i.e., for a given N-H
distance, all remaining intramolecular coordinates were opti-
mized in the S1 state. The MEP along the proton-transfer
coordinate (NH distance) has been calculated for both isomers
and exhibits a small barrier of 0.1 eV at a NH distance of 1.3
Å (Figure 3a). At a N1-H16 distance of 1.8 Å (last point in
Figure 3a), the N-H constraint is released and the S1 state free
optimization results in a proton transfer to the carbon C7/C8 of
the phenyl ring in isomers A and B, respectively. Along the
optimization process, the electronic nature of the excited
molecular orbital changes gradually (Figure 3b) from a (almost)
pureπ* orbital to a mixture ofπ* with the σ* orbital localized
on the NH3 group and eventually collapses again to a nearly
pureπ* orbital of the aromatic ring.

It should be noticed that the S1 state free optimization has
not been completed because the S1/S0 energy gap vanishes and
the near-degeneracy of the states causes convergence problems
in the CC2 iteration cycle. In the proton transferred form of

Figure 2. CC2 vertical excited-state energies along with the molecular
orbital representation of the two isomers of protonated tyrosine. Full line,
ππ* state. Dotted line,πσ* state.
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tyrosine reported in Figure 3b, the N1-H16 distance increases
to 2.6 Å and the dihedral angles C6C7C9C11 and C6C8C10C11

exceed 50°. The adiabatic excited-state energy at this geometry
is lowered by-0.66 eV from the optimized excited-state energy
and the S1/S0 energy gap is reduced down to 0.35 eV. Starting
from the geometry of the last converged point on the S1

potential-energy surface, the MP2 geometry optimization of the
ground state results in a back proton-transfer reaction to the
NH2 group. Due to the low-energy barrier and large stabilization
energy of the proton-transfer reaction, UV excitation of proto-
nated tyrosine is expected to lead to a fast and efficient internal
conversion process.

The two other NH dissociation pathways have been inves-
tigated, the stretching of the NH-free bond and the NH bond
pointing toward the carbonyl group. For the free NH bond,
dissociation leads to the H-loss channel through a barrier of
0.8 eV (above the S1 vertical energy) for isomer A, and the
barrier is higher (1 eV) for isomer B. For both isomers, the
proton-transfer reaction to the carboxylic oxygen presents even
higher barriers.

Comparison with Experiments.The calculations presented
above can be compared with the recent UV photo-induced

dissociation experiments carried out in our group using a
femtosecond pump/probe scheme27 and with the electronic
spectroscopy performed in the group of T. Rizzo.28 The
electronic spectrum of cold TyrH+ shows well resolved
vibrational bands, with the origin band located at 4.35 eV. The
O0

0 band origin calculated in the present work, 4.63 eV with
the medium size basis set is overestimated by 0.28 eV, which
is within the expected accuracy of the CC2 method. Sharp
vibrational progressions are observed in a quite narrow range
up to 0.06 eV above the origin band, which clearly indicates
that the excited state PES possesses a local minimum in the
vicinity of the band origin, in agreement with our calculations.
Furthermore, the electronic spectrum of room-temperature
TyrH+ has been recorded over a wider range in monitoring the
intensity of ion fragment as a function of the laser wavelength
and is therefore sensitive to the fragmentation efficiency.
Although the spectrum is unresolved due to high internal energy
of the ions, a second onset is observed roughly 0.1 eV above
the origin that matches the calculated energy barrier of 0.1 eV
found in this work for proton transfer to the phenyl moiety.
This onset may be interpreted as an increase of the fragmentation
yield above the barrier.

The excited-state lifetime of room-temperature TyrH+ has
been recorded after excitation at 266 nm (4.66 eV), i.e., 0.3 eV
above the band origin.27 The excess energy in the Franck
Condon region is threefold higher than the calculated 0.1 eV
barrier for proton transfer to the phenyl ring and should induce
a very short excited-state lifetime. The relatively long lifetime
of 22 ps measured for TyrH+ may thus be related to a kinematic
effect which involves a strong rearrangement of the molecule,
formally a ring puckering, required for proton transfer to the
ring. It should be noticed that, for protonated tryptamine, theory
also predicts a similar barrier of about 0.1 eV in the first excited
singlet state,24 and the 250 fs excited-state lifetime measured is
much shorter.41 In the latter system, the excited-state lifetime
is governed by the H-loss reaction involving the stretching of
the NH bond of the amino group, without strong rearrangement
of the whole system as in the former case. The measured
difference between the excited-state lifetime of protonated
tyrosine and tryptamine can thus be related to the mentioned
above kinematic factor.

Protonated Tryptophan. Ground State Isomers.TrpH+ is
known to possess several isomers in aqueous solution where
the side chain adopts various conformational states, the so-called
rotamers.1,8 TrpH+ in the gas phase is also believed to exhibit
such low-lying rotamers that mainly differ in the orientation of
the amino-acid moiety above the indole chromophore by 2π/3
rotation along of the CR-Câ bond (see isomers A and C) and
by π rotation along the Cγ-Câ bond where Cγ is the carbon
atom of the indole ring (see isomers B and D).22 The lowest-
energy protonation site of tryptophan is on the amino group,
whereas protonation on the indolic nitrogen lies about 1 eV
higher in energy.42 Two rotamers with the protonated amino
group away from the indole chromophore lie too high in energy
(more than 0.35 eV above the global minimum) to be populated
at 300 K. It should be emphasized that for each rotamer, a

(41) Kang, H.; Jouvet, C.; Dedonder-Lardeux, C.; Martrenchard, S.; Charriere,
C.; Gregoire, G.; Desfrancois, C.; Schermann, J. P.; Barat, M.; Fayeton, J.
A. J. Chem. Phys.2005, 122, 084307.

(42) Lioe, H.; O’Hair, R. A. J.; Reid, G. E.J. Am. Soc. Mass Spectrom.2004,
15, 65-76.

Figure 3. (a) S1 Minimum Energy Path (MEP) for the proton-transfer
reaction of protonated tyrosine (isomer B) along the N-H stretch to the
phenyl ring. The zero energy refers to the ground state optimized structure
(MP2). (b) Snapshots of the structure along the S1 proton-transfer reaction
of protonated tyrosine (isomer B) for given NH distances with their most
relevant MO.
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rotation ofπ of the carboxyl group along the CR-COOH bond
leads to an equilibrium structure that lies about 0.13 eV higher
in energy with a barrier to the rotation calculated at 0.4 eV.
These isomers can thus be discarded. The structures of the four
lowest-energy rotamers are shown in Figure 4a and their
respective energies (calculated at the MP2 level) are reported
in Table 3.

Vertical Excited-State Energies and Electronic Structures.
Because the system has no symmetry, the labeling of the states
is quite difficult. The molecular orbitals are more or less
localized (indole ring, amino group, carbonyl group), but the
excited-state wavefunctions are combination of several electronic
configurations. Ideally, the electronic structure of the excited-
state can be defined as follows:

- the Lb state, characterized by the excitation from the
πHOMO-1 to aπ* orbital, both localized on the indole ring, noted
π1pj* ( j g 3).

- the La state, characterized by the excitation from theπHOMO

orbital to aπ* orbital, both localized on the indole ring, noted
π2pj* ( j g 3).

- the πσ* state, characterized by the excitation from theπi

orbital, (i being 1 or 2, i.e., theπHOMO-1 or πHOMO orbital
localized on the indole ring) toward theσ* Rydberg-type orbital
localized on the NH3 group, notedπiσNH3*.

- the π3p state, characterized by the excitation from theπi

orbital (localized on the indole ring) toward a 3pNH3 localized
on the NH3 group, notedπi3pNH3.

- the ππCO* state, corresponding to the excitation from the
πHOMO to a π* orbital mainly localized on the carboxylic acid
group, notedπ2πCO*

Basis Set Effect.The basis set effect has been tested on the
two lowest energy isomers A and B and the calculated vertical
energies are reported in Tables TSI3 and TSI4 of the Supporting
Information. The results obtained for TrpH+ are much more
complicated than for TyrH+ due to the dense manifold of low-
lying excited singlet states of different orbital nature. As the
number of basis functions increases, the vertical excitation
energies decrease roughly by 0.1-0.3 eV and a pronounced
mixing between the excited states occurs, especially theππ*
and theπσ* states are getting highly mixed. Therefore, the
labeling of the state is quite tenuous and depends on the basis
set used, but the overall picture remains qualitatively similar.
This mixing is reflected by the rather similar oscillator strengths
borne by the different excited-state as can be seen in Table 3.
This is in straight contrast with protonated tyrosine where the
first excited-state still remains ofππ* character without strong
mixing with theσ* orbital.

As can be seen from Table 3 and in Figure 5, the four isomers
share several similarities. The Lb and La states are always within
the three lowest excited states, the Lb state having a vertical
energy always lower than the La although they are strongly
mixed with each other (see isomer A) and with theπσ* and
π3p states. TheππCO* states lies always much higher than the
ππ* state. Finally depending on the isomer, theπσ* state is
located either below or above the La state. In isomers C and D
for instance, the firstπσ* state that corresponds to aπ2 to σNH3*
transition lies significantly below the La state by about 0.25
eV. One will see below that geometry optimization of the S2

πσ* state for these two specific isomers leads to an excited-
state hydrogen transfer to the carboxylic acid group.

Optimization of Excited-State Geometry.Geometry opti-
mizations have been performed for the four isomers of TrpH+

in their first and second excited singlet states. In the case of S2

optimization, the calculation is stopped when the S1/S2 crossing
point is reached. The geometry obtained at this last point is
used as a starting point for an optimization on the S1 surface,
which goes on until the convergence criteria are fulfilled or until
a second crossing with the electronic ground state is reached.

Some general features can be drawn from these calculations.
First, independently of the isomer, optimization of the S1 ππ*
excited singlet state results in a barrierless proton transfer from
the NH3

+ group to the indole chromophore (Figure 4b). This is
in contrast with protonated tyrosine, which exhibits a barrier
of about 0.1 eV for this reaction. Second, optimization started

Figure 4. Four low-lying isomers of protonated tryptophan (a) S0 ground
state optimized structures (MP2). (b) Snapshots of the structures along the
S1 proton-transfer reaction.

Table 3. Vertical Excitation Energies (eV), Oscillator Strength,
and Dipole Moment (in Debye) of the Four Compact Isomers of
Protonated Tryptophan at the CC2 Level with the Mixed Basis Set,
def-SV(P), on Carbon and Hydrogen Atoms and aug-cc-pVDZ on
Nitrogen and Oxygen Atomsa

state
energy/

eV f
µ/

debye configuration

Isomer A
S0 - - 4.99 -
ππ* (L a/Lb) 4.90 0.031 4.75 23%(π2π9*), 21%(π1π3*)
πσ* 5.04 0.045 2.77 32%(π2σNH3*),16%(π2π3*)
πσ*/ππ* 5.23 0.061 3.59 34%(π2σNH3*), 30%(π2π3*)
ππCO*/πσ* 5.69 0.030 7.96 29%(π2πCO*), 25%(π1σNH3)

Isomer B
S0 (0.059)b - 5.12 -
ππ* (L b) 4.92 0.025 4.83 35%(π1π3*), 20%(π2π9*)
ππ* (L a) 5.11 0.085 4.77 39%(π2π3*), 21%(π2σNH3*)
πσ* 5.32 0.033 5.84 51%(π2σNH3*),19%(π2π3*)
π3p/ππCO* 5.71 0.021 10.30 35%(π23pNH3), 22%(π2πCO*)
Isomer C
S0 (0.08)b - 5.14 -
ππ* (L b) 4.92 0.032 4.62 27%(π1π3*), 19%(π13pNH3)
πσ* 5.08 0.038 3.72 58%(π2σNH3*)
ππ* (L a) 5.33 0.12 2.63 32%(π2π3*), 18%(π2σNH3*)
πσ* 5.71 0.018 8.07 72%(π1σNH3*)
Isomer D
S0 (0.087)b - 8.06 -
ππ* (L b) 4.88 0.038 7.06 20%(π1π3*), 20%(π13πNH3)
πσ* 5.03 0.031 5.84 68%(π2σNH3*)
π3p/ππ*(L a) 5.31 0.09 5.77 34%(π23pNH3), 18%(π2π3*)
π3p 5.53 0.09 7.51 19%(π23pNH3), 16%(π23pNH3)

a Ground state energies (eV) are calculated at the MP2 level with the
same basis set.b Ground state energy (eV) relative to the most stable isomer.
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on the S2 excited singlet state, and carried on the S1 state PES
after the S1/S2 crossing, leads to different reactive channels
depending on the isomer. In isomers A and B, where theπσ*
state lies above the La state, the same proton-transfer reaction
to the indole chromophore is observed as for optimization of
the S1 state. However, for isomers C and D, where the S2 πσ*
state is below the S3 La state, a spontaneous hydrogen transfer
reaction to the carboxylic oxygen occurs.

In the following, the course of the different optimizations
leading to the proton transfer and to the hydrogen atom transfer
reactions is discussed in more details. It should be noted that
because all the optimizations lead to exothermic reactions
without barriers, no stationary points have been obtained.

Proton-Transfer Reaction.Proton transfer to the indole ring
involves deformation of the ring around the proton accepting
carbon atom (C4 for isomer A and B or C2 for isomers C and
D following the atom labeling of the indole ring moiety as
reported in ref 42). This deformation includes the CH out-of-
plane bending (20°) and a ring puckering (10-15°) as observed
in the case of protonated Tyr. When the optimized state
corresponds to the Lb state as in isomers B, C, and D, the
electronic structure of the optimized S1 evolves quickly along
the proton-transfer reaction coordinate and is characterized by
a πHOMO-π* electronic configuration. As the NH-C bond
distance decreases, theπ* orbital localized on the indole moiety
gets some electronic density outward the indole ring and no
more changes are observed in the course of the reaction. Starting
from the geometry of the last converged point on the S1

potential-energy surface, MP2 optimization of the ground state
leads to a proton-transfer reaction back to the NH2 group, as
calculated for Tyrosine.

The proton-transfer reaction involves ring puckering and CH
bending mode. We have performed S1 optimization under
geometry constraints, including planarity of the ring and CH

bending mode. Interestingly, it leads to a stable structure with
stabilization energy of-0.17 eV with respect to the vertical
transition energy (calculated for isomer B) where the S1 state
keeps its Lb electronic configuration, the La state being located
0.34 eV above. When the geometry constraints are released,
the proton-transfer reaction is observed.

Hydrogen Atom Transfer to the Carboxylic Acid Oxygen
(Isomers C and D).Optimization of theπσ* state, which is
the second excited-state in isomers C and D leads to a
spontaneous (barrierless) hydrogen transfer reaction to the
carboxylic oxygen. In these two isomers, this state corresponds
to the firstπHOMO-σNH3* transition and lies below the La state
(πHOMO-π* transition localized on the indole ring). S2 structure
optimization is first initiated until the S2/S1intersection is
reached, and needs to be restarted on the S1 excited-state surface.
At the S2/S1 intersection, there is a slight breaking of the planar
symmetry of both the acidic group and the smallest one on the
indole ring (the indole ring is tilted by 3° from the plane defined
by the benzene ring). It however induces significant stabilization
energy of-0.17 and-0.24 eV as compared to the vertical
excitation energies for isomers C and D, respectively. Thus, as
suggested by the results reported in Table 3, very small geometry
differences strongly affect the ordering of the electronic states
and have a strong impact on the result of the excited-state
optimization.

For Isomer D (Figure 6), when the S2/S1 intersection is
reached, the electronic structure of the S1 state is a combination
of a σ* type orbital on the amino group and a delocalizedπ*
orbital on the indole ring with some electronic density on the
carboxylic group. When the excited-state optimization goes on,
this latter orbital collapses to aπ* orbital located on the
carboxylic group, which corresponds to an electron transfer from
the indole chromophore to the carboxylic acid group that induces
the proton transfer from the amino group to the carboxylic

Figure 5. CC2 vertical excited-state energies along with the molecular orbital decomposition of the 4 low-lying isomers of protonated tryptophan. Full line,
Lb and La states; dotted line,πσ* state; (a) isomer A and isomer B; (b) isomer C and isomer D.
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oxygen. This hydrogen atom transfer reaction can thus be
viewed as an electron-driven proton-transfer process with the
two events decoupled in time and space.

In the case of isomer C, the optimization path is even more
complex. A direct electron transfer from the indole moiety to
the carboxylic acid group is unlikely because this group is not
interacting with the chromophore (Figure 7). During the excited-
state optimization after the S2/S1 crossing is reached, the N-H
bond first elongates from 1.04 to 1.06 Å, the C-N bond next
stretches from 1.50 to 1.55 Å. At this point, the electronic
structure of the excited-state is mainly determined by a
delocalized orbital on both the amino and the acidic groups,
which collapses into a localized orbital on the carboxylic acid
group after the H atom transfer has occurred.

The H atom transfer reaction leads to a biradical ion with a
positive charge on the indole ring and an unpaired electron on
the aliphatic carbon. Such electronic configuration may induce
the CR-Câ bond rupture directly in the excited-state that leads
to the detection of Trp side chainm/z 130 fragment. Further
calculations will be necessary to investigate the fragmentation
channels of this radical species.

Hydrogen Atom Loss Reaction.None of the excited-state
optimization leads to the hydrogen atom loss reaction, which
is observed experimentally, at the opposite to the protonated
tryptamine case where the H atom loss is established experi-

mentally and theoretically. On the other hand, the proton-transfer
reaction has not been evidenced in protonated tryptamine, even
when stretching the N-H bond directed toward the indole ring.
Excited-state optimization of protonated tryptamine leads to the
H atom loss reaction through a small barrier along the N-H
stretch coordinate (0.1 eV) or to the NH3 loss process through
a higher barrier of 0.3 eV.24 Therefore, an energy barrier to H
atom loss is also conjectured in the case of protonated
tryptophan.

We have performed several vertical excited-state calculations
on different isomers for which the free N-H bond is stretched
gradually while keeping the rest of the intramolecular coordi-
nates at their ground-state optimized values. The results are
reported in Figure 8a for isomer A. Under these geometrical
constraints, the H atom loss reaction occurs through a small
barrier of about 0.2 eV at a N-H bond distance of 1.3 Å.
Therefore, even if this channel is not favored by the optimization
procedure due to the presence of a small barrier, it may be
favored through dynamics because H loss is a single coordinate
process that involves the motion of a light atom, whereas proton
transfer requires a more complex mechanism with amino chain
and indole ring deformation and may occur on a longer time
scale. It is noteworthy that the same H loss reaction exhibits a
much higher barrier in the case of protonated tyrosine (Figure
8b), of the order of 0.8 eV at a N-H distance of 1.3 Å. This
agrees well with the absence of the H loss channel in protonated
tyrosine excited at 266 nm.

Comparison with Experiments. The present calculations
have to be related with the spectroscopic and dynamics studies
performed on protonated tryptophan by several groups.26,28,29

All the electronic spectra of protonated tryptophan are broad
without sharp features, even at the very low temperature
achieved in T. Rizzo experiment.28 This has been rationalized
in terms of short excited-state lifetime, even at the band origin.
Our present calculations show that the firstππ* excited singlet
state reacts without barrier via proton transfer, which agrees
quite well with these spectroscopic results.

By scanning the excitation wavelength from the band origin
to higher energies, P. Dugourd et al.29 have shown that the
branching ratio between the different ionic fragments changes
drastically. Near the band origin (285 nm, 4.35 eV), the main

Figure 6. Snapshots of the structure along the H transfer reaction to the
carboxyl oxygen of protonated tryptophan (Isomer D) with their most
relevant molecular orbitals.

Figure 7. Snapshots of the structure along the H transfer reaction to the
carboxyl oxygen of protonated tryptophan (Isomer C) with their most
relevant molecular orbitals. See text for details.

Figure 8. CC2 vertical excited-state energies along the free N-H stretch.
9, S0 ground state;O, ππ* state;2, πσ* state; (a) isomer A of protonated
tryptophan. The barrier for H atom loss reaction is 0.2 eV; (b) isomer A of
protonated tyrosine. The barrier for H atom loss reaction is 0.8 eV.
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fragmentation channels are those usually observed in collision
induced dissociation experiments and are thus related to an
internal conversion process following UV excitation. A smooth
increase of the tryptophan radical cation yield (issued from the
H loss) is observed around 270 nm (4.60 eV) that extends up
to 240 nm where its specific secondary fragmentm/z130 sharply
increases. Near the band origin, the proton-transfer reaction
leading to internal conversion is predominant while at higher
energy, the H atom loss reaction occurs above a barrier of about
0.25 eV in agreement with our calculations.

Competition between these two reactive processes has been
evidenced in our femtosecond pump/probe experiment.26 Pro-
tonated tryptophan exhibits an ultrafast decay with two time
constants of 400 fs and 15 ps. Although the short lifetime
component has been ascribed to the dynamics on theπσ* state
surface along the free NH stretch coordinate as for protonated
tryptamine, the interpretation of the 15 ps time constant was
unclear. Because the pump photon excites the molecule at 266
nm, both proton transfer and H transfer reactions are allowed
and both IC-type and radical cation-type fragments are detected.
With the help of the excited-state calculations reported here and
by comparing with protonated tyrosine, we assign the 15 ps
time constant of protonated tryptophan to the dynamics on the
ππ* state that decays through proton transfer to the indole ring.

Conclusions

Vertical excited-state energies and excited-state optimizations
at the CC2 level have been performed for low-lying isomers of
protonated tyrosine and tryptophan and are compared to recent
experimental results. The longer excited-state lifetime recorded
for tyrosine is explained by the larger energy gap between the
locally excitedππ* state and the dissociativeπσ* state, which
confirms the initially proposed model based on simple energetic
consideration. For both species, theππ* state undergoes a
proton-transfer reaction from the amino group to the aromatic
chromophore, that provides an efficient and fast pathway for
internal conversion. This reaction occurs without barrier in the
case of protonated tryptophan or with a small barrier of 0.1 eV
in protonated tyrosine. This reaction involves changes in several
internal coordinates with a ring puckering and a CCH out-of-

plane bending. Although this reaction exhibits a small or no
barrier, the large deformation of the molecule implies a longer
excited-state lifetime than direct bond dissociation in the excited
state (as for protonated tryptamine). In protonated tryptophan,
the manifold of excited states in the Franck Condon region
allows to open other reaction channels, such as a barrierless H
atom transfer to the carboxylic acid oxygen or the H atom loss
process through a small barrier of roughly 0.2 eV. These two
reaction paths can compete with the barrierless proton-transfer
reaction because only one N-H stretching coordinate is
involved.

Although the role of theπσ* state in isolated protonated
aromatic amino acids and peptides with an ammonium group
in the vicinity of the aromatic chromophore is now clearly
evidenced, one can wonder what will be the solvation effect on
the excited-state properties. Protein folding can be studied by
changes in the fluorescence intensities or emission spectra as
the tryptophan residue becomes more or less expose to water
environment. The origin of multiexponential decays in single-
tryptophan proteins is thought to be related to the existence of
such multiple protein conformations. As T. Rizzo reported very
recently,22 TrpH+ complexed with two water molecules exhibits
a vibrationally resolved excitation spectrum, emphasizing an
increase of the excited-state lifetime of these hydrated species.
We are presently working on a new hydrated electrospray ion
source to record the excited-state lifetime of mass-selected
TrpH+-(H2O)n clusters by means of pump/probe photofrag-
mentation spectroscopy.
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