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The role of electron- and proton-transfer processes in the photophysics of hydrogen-bonded molecular systems
has been investigated with ab initio electronic-structure calculations. Adopting indole, pyridine, and ammonia
as molecular building blocks, we discuss generic mechanisms of the photophysics of isolated aromatic
chromophores (indole), complexes ofπ systems with solvent molecules (indole-ammonia, pyridine-ammonia),
hydrogen-bonded aromatic pairs (indole-pyridine), and intramolecularly hydrogen-bondedπ systems (7-(2′-
pyridyl)indole). The reaction mechanisms are discussed in terms of excited-state minimum-energy paths,
conical intersections, and the properties of frontier orbitals. A common feature of the photochemistry of the
various systems is the electron-driven proton-transfer (EDPT) mechanism: highly polar charge-transfer states
of 1ππ*, 1nπ*, or 1πσ* character drive the proton transfer, which leads, in most cases, to a conical intersection
of the S1 and S0 surfaces and thus ultrafast internal conversion. In intramolecularly hydrogen-bonded aromatic
systems, out-of-plane torsion is additionally needed for barrierless access to the S1-S0 conical intersection.
The EDPT process plays an essential role in diverse photophysical phenomena, such as fluorescence quenching
in protic solvents, the function of organic photostabilizers, and the photostability of biological molecules.

1. Introduction

Hydrogen bonds are of universal importance in chemistry and
biochemistry. Examples are the structure and dynamics of liquids
and molecular crystals (such as water and ice), solvation in protic
solvents, molecular recognition (e.g., in DNA) and the catalytic
reactivity of enzymes. The properties of hydrogen bonds in the
electronic ground state have been investigated for decades with
powerful experimental methods, such as infrared (IR) and
Raman vibrational spectroscopy and neutron scattering, and are
thus quite well understood.1 Because hydrogen bonding is
essentially an electrostatic effect, it can quite accurately be
described by cost-effective ab initio methods such as restricted
Hartree-Fock (RHF), second-order Møller-Plesset perturbation

theory (MP2) or density functional theory (DFT). These
computational methods can nowadays be applied to rather large
molecular systems, including those of biological interest, see,
e.g., refs 2 and 3.

Much less is known, in general, about the properties of
hydrogen bonds in excited electronic states and their role in
photochemical processes. A notable exception are aromatic
systems with an intramolecular hydrogen bond that exhibit the
phenomenon of excited-state intramolecular proton transfer
(ESIPT).4-6 These systems are of considerable applied interest
as photostabilizers and sunscreens for the protection of organic
polymers and biological tissues.7,8 The questions of the time
scale of the excited-state proton transfer and the presence or
absence of a barrier have been a matter of dispute for a long
time.4-6 Another widely studied phenomenon involving excited-
state dynamics of hydrogen bonds is fluorescence quenching
in intermolecularly hydrogen-bonded aromatic chromophores.9-14
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A mechanistic explanation of the highly effective deactivation
of fluorescent states in terms of curve-crossing dynamics
involving a dark charge-transfer (CT) state has been proposed
by Mataga.12 This model remained speculative, however,
because it could not be supported by accurate ab initio
electronic-structure calculations at that time. A third active area
of research is the real-time investigation of optically triggered
neutralization reactions of acid-base pairs in water.15,16

One reason for our rather limited knowledge of excited-state
hydrogen-bond dynamics is the extremely short time scale of
these processes, which often may be beyond the limit of present-
day time resolution of pump-probe experiments in the ultra-
violet (UV) (about 10 fs). Another reason is the difficulty of
performing accurate ab initio electronic-structure calculations
for excited electronic states of polyatomic molecules. Excited
electronic states are open-shell, generally multiconfigurational,
and often subject to intricate valence-Rydberg mixing effects.
Apart from the complexities of the electronic structure, chemi-
cally interesting excited-state dynamics involves large-amplitude
nuclear motion such as fragmentation or chemical rearrange-
ment. The identification of the chemically relevant nuclear
degrees of freedom, in particular minimum-energy reaction
paths, requires the exploration of truly high-dimensional potential-
energy (PE) surfaces over extended regions. The necessary tools,
in particular multiconfiguration (MC) self-consistent-field (SCF)
methods, multireference (MR) perturbation-theory methods, and
analytic energy gradients for efficient geometry optimization
have become available only relatively recently.17

In this Feature Article, we provide an overview, at a largely
qualitative level, of the insights that can be obtained into the
photophysics and photochemistry of intramolecular and inter-
molecular hydrogen bonds by the application of state-of-the-
art electronic-structure calculations. For this purpose, we have
selected the molecular building blocks shown in Figure 1. Indole
serves as the representative of proton-donating aromatic chro-
mophores (often referred to as photoacids). Pyridine represents
an aromatic proton acceptor (often called photobase). Ammonia
is chosen as an example of an amphoteric saturated solvent
molecule. From these three molecular bricks, we have con-
structed the four hydrogen-bonded model systems shown in
Figure 2. The indole-ammonia complex (Figure 2a) has been
chosen for the investigation of the mechanistic aspects of the

hydrogen transfer from photoacids to hydrogen-accepting
solvents. The pyridine-ammonia complex (Figure 2b) serves
as a model for the investigation of the photophysics of a
photobase in a hydrogen-donating solvent environment. The
indole-pyridine hydrogen-bonded complex (Figure 2c) will
provide insight into the mechanisms of fluorescence quenching
via hydrogen bonds. Figure 2d, finally, shows 7-(2′-pyridyl)-
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Figure 1. Molecular bricks used for the construction of hydrogen-
bonded systems: (a) indole, proton donor; (b) pyridine, proton acceptor;
(c) ammonia, amphoteric solvent molecule.

Figure 2. Hydrogen-bonded complexes considered in this work: (a)
indole-ammonia complex; (b) pyridine-ammonia complex; (c) in-
dole-pyridine complex; (d) 7-(2′-pyridyl)indole.
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indole as an example of an intramolecularly hydrogen-bonded
π system, for which the mechanisms of the ESIPT process and
the function of organic photostabilizers can be investigated.

2. Computational Methods

The ground-state equilibrium geometries of the molecular
systems considered in this work have been determined with the
MP2 method. Excitation energies and response properties have
been calculated with the CC2 method,18,19which is a simplified
and computationally efficient version of the coupled-cluster
method with singles and doubles (CCSD). The equilibrium
geometries of the lowest excited singlet states have been
determined at the CC2 level, making use of the recently
implemented CC2 analytic gradients.20 Dunning’s correlation-
consistent split-valence double-ú basis set with polarization
functions on all atoms (cc-pVDZ)21 was generally employed in
these calculations, with the exception of the1πσ* state in indole
and in the indole-ammonia complex, where this basis set was
augmented by diffuse functions at the nitrogen(s), which were
taken from the aug-cc-pVDZ basis set. The vertical excitation
energies and spectroscopic properties were calculated at the
CC2/aug-cc-pVDZ level. For the smaller systems (indole,
indole-ammonia, and pyridine-ammonia), these properties
were additionally calculated with the aug-cc-pVTZ basis set (see
Supporting Information (SI)).

All MP2 and CC2 calculations were carried out with the
TURBOMOLE program package,22 making use of the resolu-
tion-of-the-identity (RI) approximation for the evaluation of the
electron-repulsion integrals.23

The minimum-energy reaction paths of the photophysically
relevant reactions in the ground state and in the lowest excited
singlet states have been determined with the MP2 and CC2
methods, respectively. For a suitably chosen driving coordinate,
all other nuclear degrees of freedom have been optimized for a
given value of the driving coordinate, which is the internal
coordinate resembling most closely the desired reaction coor-
dinate. To allow cost-effective explorations of the high-
dimensional excited-state potential-energy functions, the stan-
dard split-valence double-ú basis set with polarization functions
on heavy atoms (def-SV(P)) of TURBOMOLE has been
employed in these reaction-path calculations. The single-point
energy calculations along the reaction path were performed with
the CC2/cc-pVDZ method. For indole and the indole-ammonia
complex, the aug-cc-pVDZ functions on nitrogen(s) were used
in both sets of calculations.

3. Photoinduced Hydrogen Detachment from Aromatic
Chromophores: Indole

As the first example, we consider the photoinduced hydrogen-
abstraction process in bare indole. The understanding of the
mechanisms of this comparatively simple photochemical process
will be helpful for the discussion of photoinduced hydrogen-
transfer processes in the following sections.

Several years ago, we pointed out that optically dark excited
states of1πσ* character play an essential role in the photo-
chemistry of aromatic molecules with acidic groups, such as
pyrrole, indole, or phenol.24-26 The energies of these1πσ* states
as a function of OH or NH bond lengths are generically
dissociative and cross the PE function(s) of the1ππ* excited
state(s) as well as the PE profile of the electronic ground state.
These PE crossings, which are symmetry-allowed in the planar
systems (because S0 and1ππ* states transform as A′, and1πσ*
states transform as A′′), become conical intersections27-29 when
out-of-plane modes are taken into account. These conical

intersections can provide the pathway for efficient radiationless
decay to the electronic ground state as well as hydrogen
detachment.30,31

The photoinduced hydrogen-detachment process is nowadays
well understood in pyrrole and phenol. Several groups have
detected the fast hydrogen atoms that result from the direct
excited-state dissociation of pyrrole and phenol.32-37 The high-
resolution photofragment translational spectra obtained by
Ashfold and collaborators have revealed an unexpected mode-
specificity of the photodissociation process: only a small subset
of the available density of vibrational states is excited in the
pyrrolyl or phenoxyl radicals, confirming that very few vibra-
tional degrees of freedom are actively involved in the dissocia-
tion process.34,37

The PE surfaces of the relevant electronic states and their
conical intersections have been characterized by ab initio
calculations, taking the hydrogen-abstraction coordinate and the
dominant coupling modes at the conical intersections into
account.30,31,38 The dynamics at the conical intersections has
been visualized by two-dimensional or three-dimensional quan-
tum wave packet dynamics calculations.30,31,38

The existence of the photoinduced hydrogen-detachment
process in indole has been confirmed by Lin et al.39 and Nix et
al.40 The corresponding PE profiles, calculated at the CC2 level
with the aug-cc-pVDZ basis set, are shown in Figure 3. Here,
as well as in the following, we show two types of PE functions.
Figure 3a gives the PEs for rigid abstraction of the hydrogen
atom of the NH group, starting from the equilibrium geometry
of the electronic ground state. All internal coordinates, except
the NH distance, have been kept fixed in this calculation. Figure
3b, on the other hand, shows the PE profiles calculated along
theCs-constrained minimum-energy path for hydrogen detach-
ment. In this case, the energy has been optimized with respect
to all in-plane internal coordinates for either the1Lb (ππ*) state
or the1πσ* state. The energy of the S0 state has been calculated
at the geometries optimized for the1πσ* state (dashed line with
squares) or the1Lb state (dashed line with circles). All the curve
crossings in Figure 3a and the crossing of the1πσ* and S0

(πσ*)

curves in Figure 3b are true crossings (conical intersections),
because these energies have been calculated at the same
geometries. The crossings of the1Lb and1πσ* curves in Figure

Figure 3. Potential-energy profiles of the ground state and the lowest
excited states of indole as a function of the proton-detachment (NH
stretching) coordinate: (a) rigid dissociation; (b) energy profiles along
the minimum-energy path in the excited states (solid lines). Dashed
lines in (b) represent the energy of the ground state calculated at the
geometry of the respective excited state (designated as S0

(πσ*) and S0
(Lb),

respectively). Dotted lines indicate interpolations through regions where
the CC2 calculations cannot be converged or are not considered to be
reliable.
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3b, on the other hand, are apparent crossings, because these PE
functions have been calculated for different geometries.

The comparison of Figure 3a,b reveals that the1πσ*-driven
dissociation of the NH group of indole is very weakly coupled
with other degrees of freedom: the PE profiles for rigid NH
dissociation and dissociation along the minimum-energy path
are essentially identical. This result is in full accord with the
experimental observation that very few vibrations of the indolyl
radical become excited in the photoinduced hydrogen-detach-
ment process.40 Both the computational results as well as
experimental observations provide strong evidence that the
photoinduced hydrogen-detachment process in indole can be
described by low-dimensional wave packet calculations in
analogy to pyrrole and phenol.30,31

The CC2/aug-cc-pVDZ PE functions of Figure 3 indicate that
the vertical excitation energy of the1πσ* state is nearly
degenerate with the closely spaced1Lb and1La states. Previous
results obtained with the CASPT2 method and a basis set with
less diffuse functions had predicted a larger1ππ*-1πσ* vertical
energy gap.24 This difference is partly due to the fact that CC2
overestimates the excitation energies of1ππ* states, and
CASPT2 tends to underestimate the1ππ* excitation energies.
In addition, the1πσ* state possesses considerable Rydberg
character at the ground-state equilibrium geometry and its energy
is therefore highly sensitive to the inclusion of diffuse functions
in the basis set. However, the vertical excitation energy of the
1πσ* state is less relevant than the energy of the barrier for
dissociation of the NH bond. In the vicinity of the barrier, the
σ* orbital contracts from a 3s-type Rydberg orbital toward the
1s orbital of the hydrogen atom.26 The energy of this saddle
point is therefore less basis-set dependent than the vertical
excitation energy of the1πσ* state.

The canonical Hartree-Fock (HF) molecular orbitals (MOs)
of indole at the equilibrium geometry of the electronic ground
state are displayed in Figure 4. The two highest occupied MOs
(HOMOs) are ofπ character and are shown in Figure 4a,b. The
lowest unoccupied MO (LUMO) is ofπ* character (Figure 4c).

Theσ* orbital, shown in Figure 4d, is primarily located on the
NH group and is considerably more diffuse than theπ andπ*
orbitals, as discussed above. The canonical orbitals obtained
from CASSCF calculations for the1ππ* and 1πσ* states are
rather similar to the canonical HF orbitals shown in Figure 4.
The qualitative character of excited-state electronic wave
functions can thus be discussed in terms of ground-state HF
orbitals, although the unoccupied HF orbitals have, strictly
speaking, no physical meaning.

It should be noted that the charge distribution of theσ* orbital
is located to a significant extent outside the atomic frame. The
π f σ* excitation is therefore of considerable CT character
and results in a significant dipole moment of the1πσ* state
(9.5 Debye; see SI). This CT character of the1πσ* state and
the antibonding nodal character of theσ* orbital provide the
driving force for the ejection of the hydrogen atom and thus
dissociation to two radicals. The detachment of the proton, on
the other hand, would lead to an ion pair. The ion-pair formation
could be driven by the1ππ* excited states. Our calculations do
not provide evidence of a tendency of ion-pair dissociation of
the 1Lb and 1La states (see Figure 3). There is ample compu-
tational as well as experimental evidence that the threshold for
excited-state H-atom detachment (biradical dissociation) is lower
than the threshold for excited-state deprotonation (ion-pair
dissociation) in pyrrole, indole, and phenol.24-26,30-40

Alternatively to dissociation, the departing hydrogen atom
can bind at other positions of the indolyl radical, resulting in
the formation of a tautomeric species. The energies and
spectroscopic data of two such tautomers are given in the SI
(indole-iso(C2H2), indole-iso(C7H2)), where the departing
hydrogen atom is attached to the carbon atom of the ring at the
positions 2 and 7, respectively). These tautomers are photo-
chromic species, because they absorb at longer wavelengths than
indole. Although they are significantly higher in energy, they
are presumably rather long-lived species, because the barriers
for rearrangement to indole are quite high (>1 eV41).

4. Photoinduced Hydrogen Transfer from Aromatic
Chromophores to Solvent Molecules: The
Indole-Ammonia Complex

Indole is the chromophore of the amino acid tryptophan. It
is well-known that the fluorescence properties of tryptophan
are highly sensitive to the environment.42,43This unique property
of tryptophan is widely used for the investigation of the structure
and dynamics of proteins.44,45 An important photochemical
channel of tryptophan in aqueous solution is photoionization,
that is, the formation of hydrated electrons.46

Indole-water or indole-ammonia clusters are good model
systems for the investigation of the photoinduced elementary
processes occurring in solutions of indole or tryptophan in
hydrogen-bonding solvents. The excited-state dynamics of
indole-solvent clusters has extensively been investigated for
more than 20 years; see refs 47-52 and the references therein.
In the early investigations, the possible inversion of the energetic
order of the Lb and La states with increasing cluster size and
the possible effects of Lb-La mixing have been the topic of
interest.47-49 In 2001, Jouvet and co-workers discovered the
importance of the hydrogen-transfer process from the photo-
excited indole to ammonia, resulting in long-lived NH4(NH3)n

clusters.50 The dynamics of the ultrafast hydrogen transfer and
the ensuing cluster fragmentation processes have been inves-
tigated with femtosecond time-resolved spectroscopy by Hertel,
Radloff, and collaborators.51-53

The calculated PE profiles for the excited-state hydrogen-
transfer reaction in the indole-ammonia cluster are shown in

Figure 4. The two highest occupiedπ orbitals (a, b) the lowest
unoccupiedπ* orbital (c), and theσ* orbital (d) of indole, determined
at the equilibrium geometry of the electronic ground state. The colors
encode the sign of the wave function.
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Figure 5. As before, the left-hand panel (a) shows the PE
functions for rigid H-transfer (i.e., all other intramolecular and
intermolecular coordinates are frozen at the ground-state equi-
librium values), and the right-hand panel (b) gives the PE
profiles along the minimum-energy path for hydrogen transfer.
In the electronic ground state, the transfer of a proton from
indole to ammonia is energetically highly unfavorable; see
Figure 5. The inflection of the S0 PE function in Figure 5a
reflects the incipient ion-pair formation. The presence of
ammonia lowers the excitation energy of the highly polar1πσ*
state; it becomes the lowest vertically excited-state at the CC2/
aug-cc-pVDZ level, whereas the1La state remains above the
1Lb state (see Figure 5a). It is seen that the transfer of a hydrogen
atom from indole to ammonia is energetically favorable in the
1πσ* state. Although the PE profile for rigid H-transfer exhibits
a barrier (Figure 5a), the energy profile along the minimum-
energy path is barrierless (Figure 5b). The coordinate that is
primarily responsible for the elimination of the barrier is the
contraction of the distance between the hydrogen-bonded
molecular units. The minimum of the1πσ* PE function in Figure
5b at a NH distance of about 1.9 Å corresponds to the indolyl-
NH4 biradical. The fragmentation of the latter can lead to the
formation of the free NH4 radical.50,51Because the S0 PE profile
of the indole-ammonia complex is flatter than for bare indole,
the intersection between the1πσ* and S0 energy surfaces is
shifted to significantly larger NH distances; cf. Figures 3b and
5b. Ritze et al. have calculated a two-dimensional PE surface,
considering both the NH and the NN distances.54

The MOs involved in theπ f σ* excitation at the ground-
state equilibrium geometry are displayed in Figure 6. While the
π orbital is compact and delocalized over the indole ring, the
σ* orbital is diffuse and mostly localized on the ammonia
molecule. Theπ f σ* vertical excitation thus corresponds to
the transfer of electronic charge from the indole ring to a spatial
region which is beyond the solvent molecule (see Figure 6b).
Upon geometry optimization, the proton of the azine group of
indole follows the electron, resulting in the formation of the
indolyl-ammonium biradical. The two radicals are connected
by a relatively strong hydrogen bond (RNH ) 1.869 Å).

It should be kept in mind that the1Lb and1πσ* PE profiles
in Figure 5b correspond to different geometries. The crossing
of the1Lb and1πσ* energy functions near the minimum of the

1Lb state is therefore an apparent crossing. The two reaction
paths (in the1Lb and 1πσ* states, respectively) are separated
by a barrier; see also ref 54.

Though we have focused the discussion on indole-ammonia
clusters in supersonic jets, the results of Figure 6 (and analogous
results for indole-water clusters) are also of relevance for the
rationalization of the photochemistry of indole in protic
solvents.46,55,56The photoinduced ejection of hydrogen atoms
in water, yielding H3O radicals, can explain the observed
formation of solvated electrons with photon energies as low as
4.0 eV,46 much below the presumed ionization potential of
indole in water. It has been shown that the H3O radical
undergoes a spontaneous charge-separation process in an
aqueous environment, yielding a hydrated hydronium ion and
a hydrated electron.57,58

5. Photoinduced Hydrogen Transfer from Solvent
Molecules to Aromatic Chromophores: The
Pyridine-Ammonia Complex

In this section, we consider an aromatic chromophore
(pyridine) that acts as a proton acceptor in the hydrogen bonding
with ammonia or water. It seems that such complexes have less
extensively been investigated by spectroscopy in supersonic jets
than complexes of aromatic proton donors with water or
ammonia. We are not aware of experimental data on the
pyridine-ammonia cluster. The vibrational spectroscopy of the
pyridine-water complex has been investigated in rare-gas
matrices and in the liquid phase, as well as with DFT and MP2
calculations.59-61

The calculations predict a pyridine-ammonia hydrogen-bond
length of 2.22 Å in the electronic ground state and 2.25 Å in
the 1ππ* excited state. The hydrogen bond is thus rather weak
in both cases. In the lowest excited-state of pyridine (1nπ*),
the hydrogen bond is even weaker (bond length 2.90 Å).

The PE functions for the rigid transfer of a hydrogen atom
from ammonia to pyridine in the S0, 1nπ*, and 1ππ* states of
the pyridine-ammonia complex are shown in Figure 7a. It is
seen that the H-transfer is energetically highly unfavorable in
the electronic ground state. The excited-state PE functions, on
the other hand, exhibit well-developed minima corresponding
to the transfer of an H-atom from ammonia to pyridine; see
Figure 7a. The substantial barriers separating the two minima
reflect the weakness of the hydrogen bond in the1nπ* and 1ππ*
excited states. More details on the excitation energies are given
in the SI.

The frontier MOs of the pyridine-ammonia complex are
displayed in Figure 8. The1ππ* excited state (A′ symmetry) is

Figure 5. Potential-energy profiles of the ground state and the lowest
excited states of the indole-ammonia complex as a function of the
proton-transfer (NInH stretching) coordinate: (a) rigid dissociation; (b)
energy profiles along the minimum-energy path in the ground state
and in the excited states (solid lines). The dashed line in (b) represents
the energy of the ground state calculated at the geometry of the1πσ*
state (designated as S0

(πσ*)). Dotted lines indicate interpolations through
regions where the CC2 calculations cannot be converged or are not
considered to be reliable.

Figure 6. π (a) and theσ* (b) Hartree-Fock molecular orbitals of
the 1πσ* state of the indole-ammonia complex determined at the
equilibrium geometry of the electronic ground state.
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a mixture of configurations that correspond to excitation from
the two highestπ orbitals (a, b) to the two lowestπ* orbitals
(e, f). The1ππ* state clearly is a locally excited (LE) state of
pyridine, but this is not the case for the lowest excited-state of
A′′ symmetry. This state corresponds the excitation from n-type
orbitals (c, d) to the lowest twoπ* orbitals (e, f). The n-type
orbitals are delocalized over both pyridine and ammonia (Figure
8c,d). Excitation from these orbitals to theπ* orbitals thus
results in a certain amount of CT from ammonia to pyridine.
This CT character explains the pronounced stabilization of the

1nπ* state by the transfer of a proton from ammonia to pyridine.
The concomitant destabilization of the ground state results in a
conical intersection near the minimum of the A′′ state, which
corresponds to the PyH•‚‚‚NH2

• biradical (see Figure 7a).
The optimization of the geometry of the biradical results in

a structure ofC2V symmetry with coplanar NH2• and PyH•

radicals. The singly occupied MOs of this biradical are shown
in Figure 8g,h. It is seen that the unpaired electrons occupy a
p orbital on the NH2 fragment as well as aπ* orbital on the
PyH fragment. The PE profiles along the minimum-energy path
for hydrogen transfer from ammonia to pyridine are given in
Figure 7b. Note the remarkable difference between the PE
profiles for rigid H-transfer and H-transfer along the minimum-
energy path. Upon stretching of the NH bond of ammonia, the
LE excited state of1nπ* character is crossed by a singlet CT
state of pAmπ*Py character, which in turn crosses the electronic
ground state nearRNH ) 2.0 Å (see Figure 7b). The CT state
connects the1LE(nπ*) state with the electronic ground state in
an essentially barrierless manner. Assuming fast1ππ*-1nπ*
internal conversion after excitation of the strongly allowed1ππ*
state (as is typical for pyridine62), we expect ultrafast deactiva-
tion of the complex via the transfer (in1CT) and back-transfer
(in S0) of a hydrogen atom. We thus predict efficient quenching
of the fluorescence of pyridine by complexation with ammonia.
We are not aware of an experimental observation of this
phenomenon.

In contrast to the1πσ* mediated hydrogen-detachment
(section 3) and hydrogen-transfer (section 4) processes, the
pyridine-ammonia H-transfer photochemistry involves only
compact valence-type frontier orbitals; see Figure 8. The reason
is that the proton-accepting pyridine is, other than ammonia or
water, an unsaturated system that allows the transfer of an
electron into valence-type unoccupied orbitals.

6. Photoinduced Hydrogen Transfer between
Hydrogen-Bonded Aromatic Chromophores: The
Indole-Pyridine Complex

The phenomenon of fluorescence quenching through inter-
molecular hydrogen bonding between aromatic systems is a
well-known phenomenon. In numerous studies, Fo¨rster, Weller,
Mataga, Waluk, and co-workers have investigated the photo-
physics of aromatic hydrogen donor-acceptor pairs in various
solvents.9-14,63-68 Mataga has advocated a generic model of
fluorescence quenching emphasizing the role of CT states that
drive proton transfer from the hydrogen donor to the hydrogen
acceptor. Curve crossings of the CT state with LE states facilitate
rapid internal conversion.12,13The motivation for this model has
been provided by an early qualitative MO-configuration-
interaction calculation of Tanaka and Nishimoto, who had
calculated PE profiles for (rigid) excited-state H-transfer in
phenol-pyridine and aniline-pyridine complexes.69

We adopt here the indole-pyridine hydrogen-bonded com-
plex for the investigation of excited-state electron and proton-
transfer processes in hydrogen-bonded aromatic pairs. Two
conformers of the indole-pyridine complex were obtained by
geometry optimization withCs symmetry constraint at the MP2/
cc-pVDZ level. The two conformers correspond to a parallel
and perpendicular arrangement of the aromatic rings, respec-
tively. Both conformers exhibit a fairly strong hydrogen bond
(bond length 1.95 Å). The perpendicular conformer is more
stable than the planar conformer by about 1 kcal/mol (see SI).
The lowest excited singlet states of both conformers result from
excitations within the indole ring (1Lb, 1πσ*, 1La; see SI).

We choose the planar conformer for further investigations,
because this conformer is more representative for the photo-

Figure 7. Potential-energy profiles of the ground state and the lowest
excited singlet states of the pyridine-ammonia complex as a function
of the proton-transfer (NAmH stretching) coordinate: (a) rigid transfer;
(b) energy profiles along the minimum-energy path in the ground state
and in the excited states (solid lines). The dashed line in (b) represents
the energy of the ground state calculated at the geometry of the1CT
state (designated as S0

(CT)).

Figure 8. Two highest occupiedπ orbitals (a, b), the two highest
occupied n orbitals (c and d), and the two lowest unoccupiedπ* orbitals
(e, f) of the pyridine-ammonia complex, determined at the equilibrium
geometry of the electronic ground state. The singly occupied orbitals
of the CT state, determined at NAmH ) 1.9 Å, are shown in (g) and
(h).
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chemistry of multiply hydrogen-bonded pairs such as DNA base
pairs. The PE profiles for rigid and minimum-energy H-transfer
from indole to pyridine are shown in Figure 9. The frontier
orbitals of this complex are displayed in Figure 10. It is seen
from Figure 9a that both LE states of indole are crossed by a
CT state not far from their minima. For the planar complex,
the CT state is of the same symmetry species (A′) as the LE
states of indole. Its wave function is dominated by electronic
excitations from theπ orbitals of indole (see Figure 10a,b) to
the lowestπ* orbital of pyridine (Figure 10e). The latter is
insensitive to the location of the proton; see Figure 10e (proton
attached to indole) and Figure 10f (proton attached to pyridine).
It is noteworthy that the PE energy profile of the CT state is
barrierless even for rigid transfer of the proton (Figure 9a). The
1πσ* state of indole is higher in energy and does not play a
role for the dynamics of the lowest excited states of the indole-
pyridine complex.

The PE profiles along the minimum-energy path for hydrogen
transfer are shown in Figure 9b. The geometry-optimized CT
energy crosses both the1Lb PE function (near its minimum)
and the PE profile of the electronic ground state. As discussed
above for other systems, the1Lb-1CT crossing is an apparent
crossing, while the1CT-S0

(CT) crossing is a true crossing
(conical intersection). Because the1CT-S0 conical intersection
can be reached directly via a strongly repulsive PE function,
we expect a very rapid depopulation of the1CT state. The
transition from the1Lb state to the1CT state, which may involve
a barrier, should be the rate-limiting step in the deactivation of
the1Lb state. This conclusion is in agreement with femtosecond/
picosecond time-resolved spectroscopic data of Mataga and co-
workers for pyrenol-pyridine and related systems.65-67 Figure
9b fully confirms the qualitative model of fluorescence quench-
ing proposed by Mataga, in particular the role of the1CT state
which connects the LE(1ππ*) state with the S0 state via two
conical intersections.12,13

The same mechanism has recently been investigated for
multiply hydrogen-bonded aromatic pairs, such as the 2-ami-
nopyridine (2AP) dimer as well as the guanine-cytosine (GC)
and adenine-thymine (AT) DNA base pairs.70-73 Femtosecond
time-resolved pump-probe measurements have revealed that
the excited-state lifetime is shortened by a factor of 20 in the
hydrogen-bonded dimer of 2AP compared to the monomer.74

The enhanced excited-state deactivation through hydrogen
bonding has been confirmed for the Watson-Crick structure
of the GC dimer both in the gas phase and in solution.75,76

7. Photoinduced Intramolecular Hydrogen Transfer in
Bifunctional Aromatic Systems: 7-(2′-Pyridyl)indole

Pyridylindoles and pyridylpyrroles are bifunctional aromatic
chromophores possessing both a hydrogen donor and a hydrogen
acceptor group. Their spectroscopy and photophysics have been
studied extensively both in supersonic jets and in nonpolar and
protic solvents by Waluk, Mordzinski, and collaborators.77-82

The 2-(2′-pyridyl)indoles cannot form strong intramolecular
hydrogen bonds, but are good model systems for the investiga-
tion of fluorescence quenching via solvent wires in hydrogen-
bonding solvents.77,79,807-(2′-pyridyl)indole (7PyIn), on the other
hand, possesses an intramolecular hydrogen bond in the syn
configuration, which stabilizes this conformer significantly
relative to the anti configuration.81 It has been shown that 7PyIn
is essentially nonfluorescent in nonpolar solvents. The excited-
state lifetime was found to be too short to be detected with
subnanosecond time resolution.81

The ground-state equilibrium structure of the syn form of
7PyIn is shown in Figure 11a. It exhibits a moderately strong
hydrogen bond (bond length 2.062 Å) between the azine group
of indole and the nitrogen atom of the pyridine ring. The two
rings are almost coplanar, but the PE function is very flat with
respect to twisting around the CC single bond connecting the
two rings. This flatness reflects the competing effects of N-H‚
‚‚N hydrogen bonding and steric repulsion of CH groups. The
anti conformer, shown in Figure 11b, is more nonplanar (twist
angle 142°) due to the absence of an intramolecular hydrogen
bond. At the CC2/cc-pVDZ level, the anti form is located 0.24
eV (5.5 kcal/mol) above the syn form.

The hydrogen-transferred syn form (with the hydrogen atom
attached to the pyridine ring) does not represent a minimum of
the S0 PE surface at the MP2/cc-pVDZ level. The anti
configuration of this tautomer, shown in Figure 11c, is another
local minimum of the S0 surface. The twist angle of this structure
is 163°, and the energy is 1.45 eV (33.4 kcal/mol) above the

Figure 9. Potential-energy profiles of the ground state and the lowest
excited singlet states of the indole-pyridine complex as a function of
the proton-transfer (NInH stretching) coordinate: (a) rigid transfer; (b)
energy profile along the minimum-energy path in the ground state and
in the excited states (solid lines). The dashed line in (b) represents the
energy of the ground state calculated at the geometry of the1CT state
(designated as S0(CT)).

Figure 10. Two highest occupiedπIn orbitals (a, b), the lowest
unoccupiedπIn* orbital (c), and theσPy* orbital (d) of the indole-
pyridine complex, determined at the equilibrium geometry of the
electronic ground state. The singly occupiedπPy* orbital of the CT
state, determined at NInH ) 1.0 Å and NInH ) 2.0 Å, is shown in (e)
and (f), respectively.
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global S0 minimum (at the CC2/cc-pVDZ level). Although the
syn (Figure 11a) and anti (Figure 11b) conformers are separated
by a low barrier of about 1 kcal/mol, the hydrogen-transferred
anti conformer (Figure 11c) is separated by a barrier of 10.0
kcal/mol from the lower-energy structure.

The vertical excitation energies and oscillator strengths of
the ground-state isomers of 7PyIn are given in the SI. The syn
form absorbs strongly (f ) 0.32) in the UV (∆Evert ) 4.0 eV).
The vertical excitation energy of the1ππ* state of the anti form
is 4.4 eV, slightly to the blue of the syn form. The hydrogen-
transferred anti form is a photochromic species, because it has
a strongly red-shifted absorption spectrum (∆Evert ) 1.9 eV, f
) 0.10).

Optimization of the geometry of the S1(ππ*) state with Cs

symmetry constraint, starting from the ground-state equilibrium
geometry of the syn conformer, results in the barrierless transfer
of a hydrogen atom to the pyridine ring. This hydrogen-
transferred structure represents, however, a saddle point on the
S1 PE surface. This structure is unstable with respect to torsion
around the central CC bond. The unconstrained optimization
of the S1 energy leads to a minimum-energy structure with an
indole-pyridine twist angle of 33° and a slightly pyramidal N
atom of the pyridine ring (the sum of the bond angles is 355°).
The energy of this S1 minimum lies 2.8 eV above the global
minimum of the S0 surface. At this S1 minimum-energy
geometry, the ground-state energy lies only 1.2 eV below the
S1 energy (CC2/cc-pVDZ values).

Figure 12 provides an overview of the PEs of 7PyIn as
functions of the hydrogen-transfer coordinate (NH bond length)
and the inter-ring twisting coordinate (CCCN dihedral angle)
in the S0 and S1 states. These minimum-energy-path profiles
were obtained by calculating the CC2/cc-pVDZ energy of the
S0 and S1 states at geometries that were optimized at the
MP2/SV(P) and CC2/SV(P) levels, respectively. In addition,
the energy profiles of the ground state calculated at the opt-
imized geometry of the excited state, S0

(S1), are shown (dashed
lines).

Figure 12a shows the PE functions for torsion of 7PyIn. The
global ground-state minimum (syn form, Figure 11a) is nearly
planar. The anti form (Figure 11b) shows up as a shallow
minimum near 140°, separated by a low barrier of about 1 kcal/
mol. The torsional barrier is more pronounced in the S1 state.
For dihedral anglesθ(CCCN) below 60°, spontaneous hydrogen

transfer takes place, resulting in the H-transferred syn conformer
of 7PyIn (Figure 11d). This part of the PE function is represented
by the dotted line in Figure 12a.

The energy profiles for the hydrogen-transfer reaction of the
syn conformer of 7PyIn are displayed in Figure 12b. As is
typical for ESIPT systems, the hydrogen-transfer process is
endothermic in the electronic ground state, but exothermic in
the S1 state. In both cases, the minimum-energy-path potential
function is barrierless. As mentioned above, the hydrogen-
transferred S1 surface is unstable with respect to torsion around
the central CC bond.

The torsional PE profiles for the hydrogen-transferred tau-
tomer of 7PyIn are shown in Figure 12c. The minimum-energy
profile of the S0 state clearly exhibits a minimum near 180°,
which corresponds to the structure of Figure 11c. Like in Figure
12a, spontaneous hydrogen transfer takes place for dihedral
angles θ(CCCN) below 60°, resulting in the normal syn
conformer of 7PyIn (Figure 11a). This part of the PE function
is represented by the dotted line in Figure 12c. The minimum-
energy path in the S1 state could be followed fromθ ) 0°
(planar system) through the minimum of the S1 state (θ ) 33°)
up toθ ) 90°. At this geometry, the S1-S0 energy gap vanishes.
The same result was obtained when the minimum-energy path
in S1 was followed fromθ ) 180° down toθ ) 90°. Although
the CC2 method, being a single-reference method, is stretched
to the limit by these calculations, the results of Figure 12c
provide strong evidence for the existence of a conical intersec-
tion between the S1 and S0 surface at a dihedral angle near 90°.
A more accurate characterization of this conical intersection
requires the use of MCSCF and MRCI methods.

To provide insight into the electronic structure of the states
involved in the photophysics of 7PyIn, we display in Figure 13
the HOMO (πH) and LUMO (πL*), which are singly occupied
in the S1 state, at the planar S0 equilibrium geometry (a, b), the
hydrogen-transferred S1 state (c, d) and at the perpendicular
geometry (θ ) 90°) close to expected S1-S0 conical intersection
(e, f). Only theπH/πL* orbitals of the aromatic rings are involved
as frontier orbitals. It can be seen that the S0 f S1 excitation at
the S0 equilibrium geometry is accompanied by a small shift of
electron density from the indole ring to the pyridine ring. At
the S1 minimum, the ground state is highly polar (µ ) 8.2
Debye) due to the nearly complete localization of the HOMO
on the indole ring (Figure 13c), whereas the proton has been

Figure 11. Ground-state equilibrium geometries of the syn (a) and
anti (b) forms of 7-(2′-pyridyl)indole. The ground-state equilibrium
geometry of the hydrogen-transferred structure of the anti conformer
is shown in (c). The structure in (d) represents the minimum-energy
structure of the hydrogen-transferred syn conformer in the S1 state.

Figure 12. Potential-energy energy profiles of the S0 state (circles)
and the S1(ππ*) state (squares) of 7-(2′-pyridyl)indole as a function of
the torsional reaction path (a, c) and the hydrogen-transfer reaction
path (b). Full lines: energy profiles of reaction paths determined in
the same electronic state. The dashed lines represent the energy of the
ground state calculated at the geometry of the S1 state (designated as
S0

(S1)). The dotted lines in (a) and (c) denote interpolations where
reaction-path optimizations were not possible.
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transferred to the pyridine ring. This polarity is strongly reduced
in the S1 state (µ ) 4.2 Debye) due to the delocalized character
of the LUMO (Figure 13d). At the geometry close to the S1-
S0 conical intersection, the HOMO and LUMO are completely
localized on indole and pyridine, respectively (Figures 13e,f).
7PyIn at this configuration thus is an almost perfect biradical,
as is typical for a degeneracy of the open-shell S1 state with
the closed-shell ground state.83

In intermolecularly hydrogen-bonded aromatic systems the
hydrogen-transfer process leads directly to a conical intersection
with the electronic ground state (cf. Figure 9b), but this is not
the case inintramolecularly hydrogen-bondedπ systems; see
Figure 12b. A very similar picture as in Figure 12 has also been
found for the ESIPT systems salicylic acid, methylsalicylate,
and 2-(2′-hydroxyphenyl)benzotriazole (TINUVIN).84-86 It seems
thus generic that intramolecularly hydrogen-bonded aromatic
systems require a torsional motion to reach the conical intersec-
tion of the S1 and S0 surfaces, where the radiationless deactiva-
tion takes place. On the other hand, in the intramolecularly
hydrogen-bonded aromatic systems optical excitation leads
directly to the PT-reactive state and, unlike in the intermolecu-
larly hydrogen-bonded systems, the nonadiabatic LE-CT
transition is not involved in the PT process.

8. Conclusions

We have discussed in this Feature Article generic mechanisms
of excited-state deactivation via hydrogen-atom dynamics in
isolated aromatic chromophores, their complexes with ampho-
teric solvent molecules, hydrogen-bonded pairs of aromatic
chromophores, and bifunctional intramolecularly hydrogen-
bonded aromatic systems. It has been shown that excited-state
reactions involving the detachment or transfer of a hydrogen
atom play a decisive role for the photophysics of all these
systems. While photoinduced hydrogen detachment from acidic
chromophores and hydrogen transfer to saturated solvent
molecules are driven by1πσ* states with pronounced Rydberg
character, the hydrogen-transfer processes from saturated solvent

molecules to basicπ chromophores as well as betweenπ
systems are driven by compact valence-type CT states. In all
examples considered here, conical intersections of the S1 and
S0 PE surfaces, which become accessible via the detachment
or transfer of a hydrogen atom, play a crucial role in the ultrafast
photophysics.

The common motif of the various photochemical reaction
mechanisms is the electron-driven proton-transfer (EDPT)
process. The hydrogen detachment via1πσ* states is at least
partially driven by the high polarity of these states, arising from
the localization of theσ* electron density outside the aromatic
ring. Hydrogen transfer in acidic chromophore-solvent clusters
is driven by the localization of theσ* charge density on the
solvent molecule. Once the1πσ* state is populated (usually by
curve crossing from the allowed1ππ* states), the proton follows
the electron, leading to a pronounced energetic stabilization of
the biradical. In hydrogen-bonded aromatic pairs, it is a highly
polar CT state of1ππ* valence character which provides the
driving force for the transfer of the proton: again the proton
follows the electron, resulting in a biradical structure. After the
back-transfer of the electron at the S1-S0 conical intersection,
the proton is driven back to the original location, thereby closing
the photophysical cycle. This generic picture of the EDPT
process is illustrated in Figure 14.

The unusually large energy gradients and the small mass of
the proton ensure the exceptionally fast rate of these processes.
The energy of the UV photon is converted into vibrational
energy of the hydrogen bond, which subsequently is dissipated
to other intramolecular as well as intermolecular vibrational
degrees of freedom. The photoexcited hydrogen-bonded system
thus returns to the closed-shell electronic ground state before
competing photochemical reactions can take place (see Figure
14).

In planar intramolecularly hydrogen-bondedπ systems, the
excited-state hydrogen transfer itself does not lead to a S1-S0

conical intersection. However, there is now compelling evidence
from the computational investigation of several characteristic
ESIPT systems that the hydrogen-transfer process triggers out-
of-plane torsion on the S1 surface, which leads in a barrierless
manner to a S1-S0 conical intersection and thus ultrafast internal
conversion.84-86 The EDPT process illustrated in Figure 14 thus
emerges as a unifying concept behind such seemingly different
phenomena as H-detachment from aromatic chromophores in
the gas phase, formation of solvated electrons in solution,
fluorescence quenching by hydrogen bonding, the function of
commercial organic photostabilizers, and the photostability of
biological molecules such as DNA and proteins.87

Figure 13. Highest occupied orbital (πH) and the lowest unoccupied
orbital (πL*) of 7-(2′-pyridyl)indole, determined at (a, b) the equilibrium
geometry of the electronic ground state, (c, d) the equilibrium geometry
of the S1 state, and (e, f) near the S1-S0 intersection (θ(CCCN) )
90°).

Figure 14. Schematic view of the EDPT process in intermolecularly
hydrogen-bonded systems. Abbreviations: LE, locally excited state;
CT, charge-transfer state; ET, electron transfer; IC, internal conversion.
The colors indicate schematically the mixing of the electronic wave
functions at the conical intersections.
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In this Feature Article, we have emphasized qualitative
concepts for the rationalization of photochemical dynamics, such
as minimum-energy reaction paths, PE profiles, and properties
of frontier orbitals. More quantitative theoretical studies have
to address the treatment of the nuclear dynamics, including
barrier tunneling, the dynamics at conical intersections, and
intramolecular vibrational relaxation (IVR). The first steps in
this direction have been done, employing either quantum wave
packet dynamics for reduced-dimensional ab initio models (see,
e.g., refs 30 and 31) or full-dimensional on-the-fly trajectory
or Gaussian wave packet calculations (see, e.g., refs 88-91).
It can be envisioned that the combined efforts of ab initio
computational studies and advanced spectroscopic experiments
will lead to a new level of understanding of organic photo-
chemistry and photobiology.

Acknowledgment. This work has been supported by a joint
research grant of the Deutsche Forschungsgemeinschaft (DFG)
and the Ministry of Science and Education of Poland. A.L.S.
acknowledges partial support by a visitor grant of the DFG
Cluster of Excellence “Munich Centre of Advanced Photonics”
(www.munich-photonics.de).

Supporting Information Available: Tables of spectroscopic
properties: energy of vertical absorption (∆E/eV), oscillator
strength (f), and dipole moment (µ/Debye) of molecular systems
pertaining to this work, calculated with the CC2 method at the
MP2 ground-state equilibrium geometry. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Pimentel, G. C.; McClellan, A. L.The Hydrogen Bond; Freeman,
San Francisco,1960.

(2) Iftimie, R.; Minary, P.; Tuckerman, M. E.Proc. Natl. Acad. Sci.
U.S.A.2005, 102, 6654.

(3) Marx, D. ChemPhysChem2006, 7, 1848.
(4) Formosinho, S. J.; Arnaut, L. G.J. Photochem. Photobiol. A1993,

75, 21.
(5) Ormson, S. M.; Brown, R. G.Prog. React. Kinet.1994, 19, 45. Le

Gourrierec, D.; Ormson, S. M.; Brown, R. G.Prog. React. Kinet.1994,
19, 211.

(6) Douhal, A.; Lahmani, F.; Zewail, A. H.Chem. Phys.1996, 207,
477.

(7) Heller, H. J.; Blattmann, H. R.Pure Appl. Chem.1972, 30, 145;
1974, 36, 141.

(8) Otterstedt, J.-E. A.J. Chem. Phys.1973, 58, 5716.
(9) Förster, T.Z. Elektrochem.1950, 54, 531.

(10) Rehm, D.; Weller, A.Isr. J. Chem.1970, 8, 259.
(11) Arnaut, L. G.; Formosinho, S. J.J. Photochem. Photobiol. A1993,

75, 1.
(12) Mataga, N.Pure Appl. Chem.1984, 56, 1255.
(13) Mataga, N.AdV. Chem. Phys.1999, 107, 431.
(14) Waluk, J.Acc. Chem. Res.2003, 36, 832.
(15) Rini, M.; Magnes, B.-Z.; Pines, E.; Nibbering, E. T. J.Science2003,

301, 349.
(16) Mohammed, O. F.; Pines, D.; Dreyer, J.; Pines, E.; Nibbering, E.

T. J. Science2005, 310, 83.
(17) Modern Electronic Structure Theory; Yarkony, D. R., Ed. World

Scientific: Singapore, 1995; Parts I and II.
(18) Christiansen, O.; Koch, H.; Jørgensen, P.Chem. Phys. Lett.1995,

243, 409.
(19) Hättig, C.; Weigend, F.J. Chem. Phys.2000, 113, 5154.
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