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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), complexeso$ystems with solvent molecules (indelemmonia, pyridine-ammonia),
hydrogen-bonded aromatic pairs (indefgyridine), and intramolecularly hydrogen-bondedystems (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 \zzr*, nz*, or Lro* character drive the proton transfer, which leads, in most cases, to a conical intersection

of the § and $ surfaces and thus ultrafast internal conversion. In intramolecularly hydrogen-bonded aromatic
systems, out-of-plane torsion is additionally needed for barrierless access tp-tBec8nical 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 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
Hohotochemical processes. A notable exception are aromatic
systems with an intramolecular hydrogen bond that exhibit the

henomenon of excited-state intramolecular proton transfer
ESIPT)#® These systems are of considerable applied interest
as photostabilizers and sunscreens for the protection of organic
polymers and biological tissué$.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
« Corresponding author. E-mail: sobola@ifpan.edu.pl. time? 6Another widely studied phenolmenon involving exmted.-
tPolish Academy of Sciences. state dynamics of hydrogen bonds is fluorescence quenching
* Technical University of Munich. in intermolecularly hydrogen-bonded aromatic chromophtrés.

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 wit
powerful experimental methods, such as infrared (IR) and
Raman vibrational spectroscopy and neutron scattering, and ar
thus quite well understood 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 MgllePlesset perturbation
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i ; ; : PR the application of electronic-structure theory for the calculation of
A mechanistic explanation of the highly effective deactivation excited-state potential-energy surfaces, the theoretical description of

pf fluprescent states in terms of curve-crossing dynamics nonadiabatic dynamics in photochemistry, and the theory of nonlinear
involving a dark charge-transfer (CT) state has been proposedtime-resolved electronic spectroscopy of polyatomic molecules.

by Matagal? This model remained speculative, however,

because it could not be supported by accurate ab initio (@ (b) ©
electronic-structure calculations at that time. A third active area
of research is the real-time investigation of optically triggered
neutralization reactions of acitbase pairs in watéf.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 pumpprobe 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, Elgure 1. Molecular bricks used for the construction of hydrogen-

. e L onded systems: (a) indole, proton donor; (b) pyridine, proton acceptor;
and often subject to intricate vaIeneEydber_g mixing effects. _ (c) ammonia, amphoteric solvent molecule.
Apart from the complexities of the electronic structure, chemi-
cally interesting excited-state dynamics involves large-amplitude (a) (b)
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 (¢) i
analytic energy gradients for efficient geometry optimization
have become available only relatively recenly.

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- ) o
art electronic-structure calculations. For this purpose, we have i':n'gglrg_za'm';'n?r:%gﬁg;ﬁ’ggﬁ?‘iggﬁ:g?ﬁﬁ;ﬁ;ﬁgrigr'T:‘pltg(S_ ‘2::‘;”:;]_("")
selected the molecular bw[dmg blocks shown in Figure 1. .Indole dole—pyridine complex: (ds 7-(pyridyl)indole. '
serves as the representative of proton-donating aromatic chro-
mophores (often referred to as photoacids). Pyridine representshydrogen transfer from photoacids to hydrogen-accepting
an aromatic proton acceptor (often called photobase). Ammoniasolvents. The pyridineammonia complex (Figure 2b) serves
is chosen as an example of an amphoteric saturated solventis a model for the investigation of the photophysics of a
molecule. From these three molecular bricks, we have con- photobase in a hydrogen-donating solvent environment. The
structed the four hydrogen-bonded model systems shown inindole—pyridine hydrogen-bonded complex (Figure 2c) will
Figure 2. The indoleammonia complex (Figure 2a) has been provide insight into the mechanisms of fluorescence quenching
chosen for the investigation of the mechanistic aspects of thevia hydrogen bonds. Figure 2d, finally, shows 7-4gridyl)-
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indole as an example of an intramolecularly hydrogen-bonded @ 'L AL . o L

7 system, for which the mechanisms of the ESIPT process and v T I ot o

the function of organic photostabilizers can be investigated. 0 ¥y~ T __?,:{;j

=

2. Computational Methods < *0F T E'/,
The ground-state equilibrium geometries of the molecular %3,0 s 1 //

systems considered in this work have been determined with the /s

MP2 method. Excitation energies and response properties have 2.0 | 1 ;

been calculated with the CC2 meth¥e?which is a simplified /.

and computationally efficient version of the coupled-cluster 1.0} 1 P 8,

method with singles and doubles (CCSD). The equilibrium S, & 3

geometries of the lowest excited singlet states have been 0.0 }-o 5 Y :% 5 o

determined at the CC2 level, making use of the recently ’ ﬁNH[Al ' ' RN,;[A] '

implemented CC2 analytic gradierfsunning's correlation- Figure 3. Potential-energy profiles of the ground state and the lowest
consistent split-valence doublebasis set with polarization excited states of indole as a function of the proton-detachment (NH

functions on aj” atom_s (CC'pVDEWas generally em_pl_oyed In stretching) coordinate: (a) rigid dissociation; (b) energy profiles along
these calculations, with the exception of the* state inindole  the minimum-energy path in the excited states (solid lines). Dashed
and in the indole-ammonia complex, where this basis set was lines in (b) represent the energy of the ground state calculated at the
augmented by diffuse functions at the nitrogen(s), which were geometry of the respective excited state (designateg”a8 &nd S,
taken from the aug-cc-pVDZ basis set. The vertical excitation respectively). Dot_ted lines indicate interpolations through reg_ions where
energies and spectroscopic properties were calculated at théhpt CC2 calculations cannot be converged or are not considered to be
CC2/aug-cc-pVDZ level. For the smaller systems (indole, reliable.
indole—ammonia, and pyridineammonia), these properties
were additionally calculated with the aug-cc-pVTZ basis set (see .
Supporting Information (SI)). decay to the electronic ground state as well as hydrogen
' . . detachment?:3?

All MP2 and CC2 calculations were carried out with the ] )
TURBOMOLE program packag® making use of the resolu- The photomducgd hydrogen-detachment process is nowadays
tion-of-the-identity (RI) approximation for the evaluation of the Well understood in pyrrole and phenol. Several groups have
electron-repulsion integraf3. detgcted the fE_iSt hyd_rogen atoms that result from the direct

The minimum-energy reaction paths of the photophysically €xcited-state dissociation of pyrrole and phetfot’ The high-
relevant reactions in the ground state and in the lowest excitedresolution photofragment translational spectra obtained by
singlet states have been determined with the MP2 and cc2Ashfold and collaborators have revealed an unexpected mode-
methods, respectively. For a suitably chosen driving coordinate, SPecificity of the photodissociation process: only a small subset
given value of the driving coordinate, which is the internal PYrrolyl or phenoxyl radicals, confirming that very few vibra-
coordinate resembling most closely the desired reaction coor-tional degrees of freedom are actively involved in the dissocia-
dinate. To allow cost-effective explorations of the high- tion proces§*3’
dimensional excited-state potential-energy functions, the stan- The PE surfaces of the relevant electronic states and their
dard split-valence doublébasis set with polarization functions  conical intersections have been characterized by ab initio
on heavy atoms (def-SV(P)) of TURBOMOLE has been -calculations, taking the hydrogen-abstraction coordinate and the
employed in these reaction-path calculations. The single-point dominant coupling modes at the conical intersections into
energy calculations along the reaction path were performed with accoun£®31-38 The dynamics at the conical intersections has
the CC2/cc-pVDZ method. For indole and the indedanmonia been visualized by two-dimensional or three-dimensional quan-
complex, the aug-cc-pVDZ functions on nitrogen(s) were used tum wave packet dynamics calculatics?:38

in both sets of calculations. The existence of the photoinduced hydrogen-detachment
) ) process in indole has been confirmed by Lin efand Nix et
3. Photoinduced Hydrogen Detachment from Aromatic al 40 The corresponding PE profiles, calculated at the CC2 level
Chromophores: Indole with the aug-cc-pVDZ basis set, are shown in Figure 3. Here,
As the first example, we consider the photoinduced hydrogen- as well as in the following, we show two types of PE functions.
abstraction process in bare indole. The understanding of theFigure 3a gives the PEs for rigid abstraction of the hydrogen
mechanisms of this comparatively simple photochemical processatom of the NH group, starting from the equilibrium geometry
will be helpful for the discussion of photoinduced hydrogen- of the electronic ground state. All internal coordinates, except
transfer processes in the following sections. the NH distance, have been kept fixed in this calculation. Figure
Several years ago, we pointed out that optically dark excited 3b, on the other hand, shows the PE profiles calculated along
states oflzo* character play an essential role in the photo- theCsconstrained minimum-energy path for hydrogen detach-
chemistry of aromatic molecules with acidic groups, such as ment. In this case, the energy has been optimized with respect
pyrrole, indole, or phendt~26 The energies of thesao* states to all in-plane internal coordinates for either the (z7*) state
as a function of OH or NH bond lengths are generically or thelno* state. The energy of theyState has been calculated
dissociative and cross the PE function(s) of the* excited at the geometries optimized for theo* state (dashed line with
state(s) as well as the PE profile of the electronic ground state. squares) or th&l, state (dashed line with circles). All the curve
These PE crossings, which are symmetry-allowed in the planarcrossings in Figure 3a and the crossing of the* and S
systems (because 8ndlzz* states transform as'Aandizo* curves in Figure 3b are true crossings (conical intersections),
states transform as"A, become conical intersecticts?® when because these energies have been calculated at the same
out-of-plane modes are taken into account. These conicalgeometries. The crossings of thg, andizo* curves in Figure

intersections can provide the pathway for efficient radiationless
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Figure 4. The two highest occupied orbitals (a, b) the lowest
unoccupiedr* orbital (c), and thes* orbital (d) of indole, determined

at the equilibrium geometry of the electronic ground state. The colors
encode the sign of the wave function.

Sobolewski and Domcke

The o* orbital, shown in Figure 4d, is primarily located on the
NH group and is considerably more diffuse than thandz*
orbitals, as discussed above. The canonical orbitals obtained
from CASSCF calculations for thkrz* and lzo* 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 éherbital
is located to a significant extent outside the atomic frame. The
m — o* excitation is therefore of considerable CT character
and results in a significant dipole moment of thes* state
(9.5 Debye; see Sl). This CT character of fhe* state and
the antibonding nodal character of th& 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 thézsz* excited states. Our calculations do
not provide evidence of a tendency of ion-pair dissociation of
the 1L, and 1L, 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 pheriét26.306-40

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

3b, on the other hand, are apparent crossings, because these Pépectroscopic data of two such tautomers are given in the Sl

functions have been calculated for different geometries.
The comparison of Figure 3a,b reveals that the*-driven

(indole—iso(C2H), indole—iso(C7H)), where the departing
hydrogen atom is attached to the carbon atom of the ring at the

dissociation of the NH group of indole is very weakly coupled positions 2 and 7, respectively). These tautomers are photo-
with other degrees of freedom: the PE profiles for rigid NH = chromic species, because they absorb at longer wavelengths than
dissociation and dissociation along the minimum-energy path jndole. Although they are significantly higher in energy, they

are essentially identical. This result is in full accord with the are presumably rather long-lived species, because the barriers
experimental observation that very few vibrations of the indolyl for rearrangement to indole are quite highl( eV*Y).

radical become excited in the photoinduced hydrogen-detach- . ]
4. Photoinduced Hydrogen Transfer from Aromatic

ment proces$? Both the computational results as well as

experimental observations provide strong evidence that the Chromophores to Solvent Molecules: The
photoinduced hydrogen-detachment process in indole can belndole—Ammonia Complex

described by low-dimensional wave packet calculations in
analogy to pyrrole and phenél3!

The CC2/aug-cc-pVDZ PE functions of Figure 3 indicate that
the vertical excitation energy of théro* state is nearly
degenerate with the closely spaéed andlL, states. Previous

Indole is the chromophore of the amino acid tryptophan. It
is well-known that the fluorescence properties of tryptophan
are highly sensitive to the environmé@t3This unique property
of tryptophan is widely used for the investigation of the structure
and dynamics of proteir:*® An important photochemical

results obtained with the CASPT2 method and a basis set with channel of tryptophan in aqueous solution is photoionization,

less diffuse functions had predicted a larget* —17o* vertical
energy gag? This difference is partly due to the fact that CC2
overestimates the excitation energies ‘ofr* states, and
CASPT2 tends to underestimate ther* excitation energies.

In addition, thelzo* state possesses considerable Rydberg

that is, the formation of hydrated electrdiis.

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

character at the ground-state equilibrium geometry and its energyindole—solvent clusters has extensively been investigated for

is therefore highly sensitive to the inclusion of diffuse functions

more than 20 years; see refs452 and the references therein.

in the basis set. However, the vertical excitation energy of the In the early investigations, the possible inversion of the energetic

lzo* state is less relevant than the energy of the barrier for
dissociation of the NH bond. In the vicinity of the barrier, the

o* orbital contracts from a 3s-type Rydberg orbital toward the
1s orbital of the hydrogen atofi.The energy of this saddle

order of the Iy and L, states with increasing cluster size and
the possible effects of J=—L, mixing have been the topic of
interest!”~4° In 2001, Jouvet and co-workers discovered the
importance of the hydrogen-transfer process from the photo-

point is therefore less basis-set dependent than the verticalexcited indole to ammonia, resulting in long-lived WNH3),

excitation energy of théro* state.
The canonical HartreeFock (HF) molecular orbitals (MOs)
of indole at the equilibrium geometry of the electronic ground

clusters’® The dynamics of the ultrafast hydrogen transfer and
the ensuing cluster fragmentation processes have been inves-
tigated with femtosecond time-resolved spectroscopy by Hertel,

state are displayed in Figure 4. The two highest occupied MOs Radloff, and collaborators:-53

(HOMOSs) are ofr character and are shown in Figure 4a,b. The
lowest unoccupied MO (LUMO) is af* character (Figure 4c).

The calculated PE profiles for the excited-state hydrogen-
transfer reaction in the indoleammonia cluster are shown in
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Figure 5. Potential-energy profiles of the ground state and the lowest Figure 6. 7 (a) and theo* (b) Hartree-Fock molecular orbitals of
excited states of the indol@mmonia complex as a function of the  the iro* state of the indoleammonia complex determined at the
proton-transfer (NH stretching) coordinate: (a) rigid dissociation; (b) ~ €quilibrium geometry of the electronic ground state.

energy profiles along the minimum-energy path in the ground state

and in the excited states (solid lines). The dashed line in (b) represents!L, state is therefore an apparent crossing. The two reaction

the energy of the ground state calculated at the geometry Gfrtite paths (in thellL, and izo* states, respectively) are separated
state (designated ag8"). Dotted lines indicate interpolations through by a barrier: see also ref 54.
regions where the CC2 calculations cannot be converged or are not Though V\;e have focused the discussion on indeamonia
considered to be reliable. g L .

clusters in supersonic jets, the results of Figure 6 (and analogous

Figure 5. As before, the left-hand panel (a) shows the PE results for indole-water clusters) are also of relevance for the

functions for rigid H-transfer (i.e., all other intramolecular and ratlonallzsagsosré of the photochemistry of indole in protic
intermolecular coordinates are frozen at the ground-state equi-SCIVeNtsi®*>*°The photoinduced ejection of hydrogen atoms
librium values), and the right-hand panel (b) gives the PE IN water, yielding HO radicals, can explain the observed
profiles along the minimum-energy path for hydrogen transfer. formatl%n of solvated electrons with ph9t°,“ energies as ,IOW as
In the electronic ground state, the transfer of a proton from 4-:0 €Vi> much below the presumed ionization potential of
indole to ammonia is energetically highly unfavorable; see

indole in water. It has been shown that theCHradical
Figure 5. The inflection of the (SPE function in Figure 5a undergoes a spontaneous charge-separation process in an
reflects the incipient ion-pair formation. The presence of

aqueous environment, yielding a hydrated hydronium ion and
ammonia lowers the excitation energy of the highly pétas*

a hydrated electro®r.>8

state; it becomes the lowest vertically excited-state at the CC2/ .
aug-cc-pVDZ level, whereas thé , state remains above the i/l I|3hot|0|nduc§d Hydrogc;:?]n Tranzfer fr.orIIIhSoIvent
1L, state (see Figure 5a). It is seen that the transfer of a hydrogenP olecules to Aromatic Chromophores: The
atom from indole to ammonia is energetically favorable in the yridine —Ammonia Complex
Lro* state. Although the PE profile for rigid H-transfer exhibits In this section, we consider an aromatic chromophore
a barrier (Figure 5a), the energy profile along the minimum- (pyridine) that acts as a proton acceptor in the hydrogen bonding
energy path is barrierless (Figure 5b). The coordinate that is with ammonia or water. It seems that such complexes have less
primarily responsible for the elimination of the barrier is the extensively been investigated by spectroscopy in supersonic jets
contraction of the distance between the hydrogen-bondedthan complexes of aromatic proton donors with water or
molecular units. The minimum of tHero* PE function in Figure ammonia. We are not aware of experimental data on the
5b at a NH distance of about 1.9 A corresponds to the indolyl  pyridine—ammonia cluster. The vibrational spectroscopy of the
NH, biradical. The fragmentation of the latter can lead to the pyridine—water complex has been investigated in rare-gas
formation of the free Niradical>®51Because the JPE profile matrices and in the liquid phase, as well as with DFT and MP2
of the indole-ammonia complex is flatter than for bare indole, calculations$®-62
the intersection between thac* and & energy surfaces is The calculations predict a pyridirmmonia hydrogen-bond
shifted to significantly larger NH distances; cf. Figures 3b and length of 2.22 A in the electronic ground state and 2.25 A in
5b. Ritze et al. have calculated a two-dimensional PE surface,the lzz* excited state. The hydrogen bond is thus rather weak
considering both the NH and the NN distanégs. in both cases. In the lowest excited-state of pyriditrer?),

The MOs involved in ther — o* excitation at the ground-  the hydrogen bond is even weaker (bond length 2.90 A).
state equilibrium geometry are displayed in Figure 6. While the  The PE functions for the rigid transfer of a hydrogen atom
7 orbital is compact and delocalized over the indole ring, the from ammonia to pyridine in theS'nz*, and Lzz* states of
o* orbital is diffuse and mostly localized on the ammonia the pyridine-ammonia complex are shown in Figure 7a. It is
molecule. Ther — o* vertical excitation thus corresponds to  seen that the H-transfer is energetically highly unfavorable in
the transfer of electronic charge from the indole ring to a spatial the electronic ground state. The excited-state PE functions, on
region which is beyond the solvent molecule (see Figure 6b). the other hand, exhibit well-developed minima corresponding
Upon geometry optimization, the proton of the azine group of to the transfer of an H-atom from ammonia to pyridine; see
indole follows the electron, resulting in the formation of the Figure 7a. The substantial barriers separating the two minima
indolyl—ammonium biradical. The two radicals are connected reflect the weakness of the hydrogen bond in'tire* and Lzr*
by a relatively strong hydrogen bonByy = 1.869 A). excited states. More details on the excitation energies are given

It should be kept in mind that th¥., andzo* PE profiles in the SI.
in Figure 5b correspond to different geometries. The crossing The frontier MOs of the pyridineammonia complex are
of thelL, and¥zo* energy functions near the minimum of the  displayed in Figure 8. Therz* excited state (Asymmetry) is
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Inz* state by the transfer of a proton from ammonia to pyridine.

60 ~1L(Z)(mt*) ’,{/*\\ I © The concomitant destabilization of the ground state results in a
\ /,//// \ VA A conical intersection near the minimum of thé Atate, which
sof . 327 N7 V corresponds to the PyH-NH,* biradical (see Figure 7a).
LE{nm=) \ "LE () The optimization of the geometry of the biradical results in
3 40} oT ] a structure ofCy, symmetry with coplanar Ny and PyH
3 radicals. The singly occupied MOs of this biradical are shown
L;‘:j 30f 1 in Figure 8g,h. It is seen that the unpaired electrons occupy a
8 _a-” p orbital on the NH fragment as well as a* orbital on the
2.0 ¢ T /5—-—“’ 1 PyH fragment. The PE profiles along the minimum-energy path
Ve S, for hydrogen transfer from ammonia to pyridine are given in
or "\A/ ] Figure 7b. Note the remarkable difference between the PE
0.0 Q’ ) ) ) , profiles for rigid H-transfer and H-transfer along the minimum-
’ 1.0 15 2.0 1.0 15 2.0 energy path. Upon stretching of the NH bond of ammonia, the
RulAl Ru Al LE excited state otnz* character is crossed by a singlet CT

Figure 7. Potential-energy profiles of the ground state and the lowest State of pm*py character, which in turn crosses the electronic
excited singlet states of the pyridinammonia complex as a function  ground state neaRwy = 2.0 A (see Figure 7b). The CT state
of the proton-transfer (W,H stretching) coordinate: (a) rigid transfer;  connects théLE(n*) state with the electronic ground state in
O e e e o b i e (3 prcsndh eSSl Daiitiss manner. ASsuing fas i
the energy of the ground state calculated at the geometry diCthe internal conversion after e.xc.:ltatlon of the strongly aIIovi'/&d’_‘
state (designated as'S). state (as is typical for pyridi®é, we expect ultrafast deactiva-
tion of the complex via the transfer (/€ T) and back-transfer
(in S) 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 thelro* 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 studiesskar, Weller,
Mataga, Waluk, and co-workers have investigated the photo-
physics of aromatic hydrogen doneacceptor pairs in various
solvents?~1463-68 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 conversiof:3The 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
phenot-pyridine and aniline-pyridine complexe§?

Figure 8. Two highest occupiedr orbitals (a, b), the two highest

occupied n orbitals (c and d), and the two lowest unoccupteatbitals

e, f) of the pyridine-ammonia complex, determined at the equilibrium . -

éec?metry oFf));he electronic groundpstate. The singly occup?ed orbitals e adopt here the indotepyridine hydrogen-bonded com-

of the CT state, determined athH = 1.9 A, are shown in (g) and  Plex for the investigation of excited-state electron and proton-

(h). transfer processes in hydrogen-bonded aromatic pairs. Two
conformers of the indolepyridine complex were obtained by

a mixture of configurations that correspond to excitation from geometry optimization witlCs symmetry constraint at the MP2/

the two highestr orbitals (a, b) to the two lowest* orbitals cc-pVDZ level. The two conformers correspond to a parallel

(e, f). Thelzx* state clearly is a locally excited (LE) state of and perpendicular arrangement of the aromatic rings, respec-

pyridine, but this is not the case for the lowest excited-state of tively. Both conformers exhibit a fairly strong hydrogen bond

A" symmetry. This state corresponds the excitation from n-type (bond length 1.95 A). The perpendicular conformer is more

orbitals (c, d) to the lowest twa* orbitals (e, f). The n-type stable than the planar conformer by about 1 kcal/mol (see SI).

orbitals are delocalized over both pyridine and ammonia (Figure The lowest excited singlet states of both conformers result from

8c,d). Excitation from these orbitals to the* orbitals thus excitations within the indole ring!(p, kzo*, L4 see SI).

results in a certain amount of CT from ammonia to pyridine. ~ We choose the planar conformer for further investigations,

This CT character explains the pronounced stabilization of the because this conformer is more representative for the photo-
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o) ] The PE profiles along the minimum-energy path for hydrogen
transfer are shown in Figure 9b. The geometry-optimized CT
energy crosses both thé, PE function (near its minimum)
and the PE profile of the electronic ground state. As discussed
above for other systems, the,—!CT crossing is an apparent
crossing, while the!lCT—S(CT crossing is a true crossing
(conical intersection). Because tHeT—S, conical intersection
can be reached directly via a strongly repulsive PE function,
we expect a very rapid depopulation of theT state. The
transition from thélL, state to théCT state, which may involve
a barrier, should be the rate-limiting step in the deactivation of
0.0 ) - thelly state. This conclusion is in agreement with femtosecond/
1.0 1.5 2.0 1.0 1.5 2.0 picosecond time-resolved spectroscopic data of Mataga and co-
RudAl RuJA] workers for pyrenctpyridine and related systerf&.57 Figure
Figure 9. Potential-energy profiles of the ground state and the lowest 9b fully confirms the qualitative model of fluorescence quench-
excited singlet states of the indelpyridine complex as a function of  ing proposed by Mataga, in particular the role of Hig state

the proton-transfer (NH stretching) coordinate: (a) rigid transfer; (b)  which connects the LEgz*) state with the § state via two
energy profile along the minimum-energy path in the ground state and hical intersection& 13

in the excited states (solid lines). The dashed line in (b) represents the . . .
energy of the ground state calculated at the geometry ofGfiestate The same mechanism has recently been investigated for
(designated asgS™). multiply hydrogen-bonded aromatic pairs, such as the 2-ami-

nopyridine (2AP) dimer as well as the guanirgytosine (GC)

and adeninethymine (AT) DNA base pairé?-73 Femtosecond
time-resolved pumpprobe 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 monather.
The enhanced excited-state deactivation through hydrogen
bonding has been confirmed for the Wats@rick structure

of the GC dimer both in the gas phase and in solutfo.

6.0

» o
o o

Energy[eV]
w
o

(a) Tn S

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 collaboratéts?

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 solventg!:7%:807-(2-pyridyl)indole (7PyIn), on the other
hand, possesses an intramolecular hydrogen bond in the syn
Figure 10. Two highest occupiedr, orbitals (a, b), the lowest  configuration, which stabilizes this conformer significantly
unoccupiedriy* orbital (c), and theoe,* orbital (d) of the indole- relative to the anti configuratio#.It has been shown that 7PyIn
g?ggl'rgﬁicc%’:ﬂ%' S?aett:”fl‘_'r?:ii r?él;hgcflﬁpuiigll%rr%ig?%rp?r:g é’_‘;_ the s essentially nonfluorescent in nonpolar solvents. The excited-
state, determined aty# = 1.0 A and NoH = 2.0 A, is shown in (&) state lifetime was found to be too short to be detected with
and (f), respectively. subnanosecond time resolutigh.

The ground-state equilibrium structure of the syn form of
chemistry of multiply hydrogen-bonded pairs such as DNA base 7PyIn is shown in Figure 11a. It exhibits a moderately strong
pairs. The PE profiles for rigid and minimum-energy H-transfer hydrogen bond (bond length 2.062 A) between the azine group
from indole to pyridine are shown in Figure 9. The frontier of indole and the nitrogen atom of the pyridine ring. The two
orbitals of this complex are displayed in Figure 10. It is seen rings are almost coplanar, but the PE function is very flat with
from Figure 9a that both LE states of indole are crossed by a respect to twisting around the CC single bond connecting the
CT state not far from their minima. For the planar complex, two rings. This flatness reflects the competing effects efHM
the CT state is of the same symmetry specie9 & the LE --N hydrogen bonding and steric repulsion of CH groups. The
states of indole. Its wave function is dominated by electronic anti conformer, shown in Figure 11b, is more nonplanar (twist
excitations from ther orbitals of indole (see Figure 10a,b) to angle 142) due to the absence of an intramolecular hydrogen
the lowestsz* orbital of pyridine (Figure 10e). The latter is  bond. At the CC2/cc-pVDZ level, the anti form is located 0.24
insensitive to the location of the proton; see Figure 10e (proton eV (5.5 kcal/mol) above the syn form.
attached to indole) and Figure 10f (proton attached to pyridine).  The hydrogen-transferred syn form (with the hydrogen atom
It is noteworthy that the PE energy profile of the CT state is attached to the pyridine ring) does not represent a minimum of
barrierless even for rigid transfer of the proton (Figure 9a). The the § PE surface at the MP2/cc-pVDZ level. The anti
1zo* state of indole is higher in energy and does not play a configuration of this tautomer, shown in Figure 11c, is another
role for the dynamics of the lowest excited states of the indole  local minimum of the $surface. The twist angle of this structure
pyridine complex. is 163, and the energy is 1.45 eV (33.4 kcal/mol) above the
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Figure 12. Potential-energy energy profiles of thg Sate (circles)

and the Y(t*) state (squares) of 7-(dyridyl)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 thetSte (designated as
SS1). The dotted lines in (a) and (c) denote interpolations where
reaction-path optimizations were not possible.

Figure 11. Ground-state equilibrium geometries of the syn (a) and
anti (b) forms of 7-(2pyridyl)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 thet&e.

global $ minimum (at the CC2/cc-pVDZ level). Although the  yanfer takes place, resulting in the H-transferred syn conformer
syn (Figure 11a) and anti (Figure 11b) conformers are separatedy 7py|n (Figure 11d). This part of the PE function is represented
by a low barrier of about 1 kcal/mol, the hydrogen-transferred by the dotted line in Figure 12a.
anti conformer (Figure 11c) is separated by a barrier of 10.0 “he energy profiles for the hydrogen-transfer reaction of the
keal/mol frgm the I_owgr-energy_structure. ) syn conformer of 7Pyln are displayed in Figure 12b. As is
The vertical excitation energies and _oscnl_ator strengths of typical for ESIPT systems, the hydrogen-transfer process is
the ground-state isomers of 7PyIn are given in the SI. The syn gngothermic in the electronic ground state, but exothermic in
form absorbs stronghyf & 0.32) in the UV AE,en = 4.0 eV). the S state. In both cases, the minimum-energy-path potential
The vertical excitation energy of thaz* state of the anti form function is barrierless. As mentioned above, the hydrogen-

is 4.4 eV, slightly to the blue of the syn form. The hydrogen- {ansferred $surface is unstable with respect to torsion around
transferred anti form is a photochromic species, because it hashe central CC bond.

a strongly red-shifted absorption spectruftE(er = 1.9 eV, f The torsional PE profiles for the hydrogen-transferred tau-
= 0-1(_))-_ ) _ tomer of 7PyIn are shown in Figure 12c. The minimum-energy
Optimization of the geometry of the;&x*) state with Cs profile of the $ state clearly exhibits a minimum near £80

symmetry constraint, starting from the ground-state equilibrium which corresponds to the structure of Figure 11c. Like in Figure
geometry of the syn conformer, results in the barrierless transfer12a, spontaneous hydrogen transfer takes place for dihedral
of a hydrogen atom to the pyridine ring. This hydrogen- angles §(CCCN) below 60, resulting in the normal syn
transferred structure represents, however, a saddle point on theonformer of 7PyIn (Figure 11a). This part of the PE function
S PE surface. This structure is unstable with respect to torsion js represented by the dotted line in Figure 12c. The minimum-
around the central CC bond. The unconstrained optimization energy path in the Sstate could be followed fron§ = 0°
of the § energy leads to a minimum-energy structure with an (planar system) through the minimum of thesate ¢ = 33°)
indole—pyridine twist angle of 33and a slightly pyramidal N up tof = 9C°. At this geometry, the S-Sy energy gap vanishes.
atom of the pyridine ring (the sum of the bond angles is"855  The same result was obtained when the minimum-energy path
The energy of this Sminimum lies 2.8 eV above the global in S, was followed fromd = 180° down to# = 90°. Although
minimum of the § surface. At this § minimum-energy  the CC2 method, being a single-reference method, is stretched
geometry, the ground-state energy lies only 1.2 eV below the to the limit by these calculations, the results of Figure 12c
S: energy (CC2/cc-pVDZ values). provide strong evidence for the existence of a conical intersec-
Figure 12 provides an overview of the PEs of 7PyIn as tion between the Sand $ surface at a dihedral angle near 90
functions of the hydrogen-transfer coordinate (NH bond length) A more accurate characterization of this conical intersection
and the inter-ring twisting coordinate (CCCN dihedral angle) requires the use of MCSCF and MRCI methods.
in the S and § states. These minimum-energy-path profiles  To provide insight into the electronic structure of the states
were obtained by calculating the CC2/cc-pVDZ energy of the involved in the photophysics of 7PyIn, we display in Figure 13
S and § states at geometries that were optimized at the the HOMO (zy) and LUMO (z.*), which are singly occupied
MP2/SV(P) and CC2/SV(P) levels, respectively. In addition, inthe § state, at the planar®quilibrium geometry (a, b), the
the energy profiles of the ground state calculated at the opt- hydrogen-transferred;Sstate (c, d) and at the perpendicular
imized geometry of the excited state(®, are shown (dashed  geometry § = 90°) close to expectedi;S S conical intersection
lines). (e, f). Only themry/m * orbitals of the aromatic rings are involved
Figure 12a shows the PE functions for torsion of 7PyIn. The as frontier orbitals. It can be seen that the-SS; excitation at
global ground-state minimum (syn form, Figure 11a) is nearly the S equilibrium geometry is accompanied by a small shift of
planar. The anti form (Figure 11b) shows up as a shallow electron density from the indole ring to the pyridine ring. At
minimum near 148 separated by a low barrier of about 1 kcal/ the § minimum, the ground state is highly polan & 8.2
mol. The torsional barrier is more pronounced in thesfate. Debye) due to the nearly complete localization of the HOMO
For dihedral angle8(CCCN) below 60, spontaneous hydrogen  on the indole ring (Figure 13c), whereas the proton has been
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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.

molecules to basict chromophores as well as between
systems are driven by compact valence-type CT states. In all
examples considered here, conical intersections of ihen8

- S PE surfaces, which become accessible via the detachment
Figure 13. Highest occupied orbitalr) and the lowest unoccupied  or transfer of a hydrogen atom, play a crucial role in the ultrafast
orbital (= *) of 7-(2'-pyridyl)indole, determined at (a, b) the equilibrium  photophysics.
geometry of the electronic ground state, (_c, d) the _equilibrium geometry  The common motif of the various photochemical reaction
cg;BOthe S state, and (e, f) near the 85 intersection (CCCN) = mechanisms is the electron-driven proton-transfer (EDPT)

) process. The hydrogen detachment Via* states is at least
partially driven by the high polarity of these states, arising from
the localization of the* electron density outside the aromatic
ring. Hydrogen transfer in acidic chromophore-solvent clusters
is driven by the localization of the* charge density on the
solvent molecule. Once tHero* state is populated (usually by
curve crossing from the allowédz* 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 oftz* 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-5, 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
) . o . degrees of freedom. The photoexcited hydrogen-bonded system
directly to the PT-reactive state and, unlike in the intermolecu- thus returns to the closed-shell electronic ground state before

larly .hydr.ogen-l?onded ;ystems, the nonadiabatic—CE competing photochemical reactions can take place (see Figure
transition is not involved in the PT process. 14)

transferred to the pyridine ring. This polarity is strongly reduced
in the S state ¢ = 4.2 Debye) due to the delocalized character
of the LUMO (Figure 13d). At the geometry close to the-S

S 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-shelsfte with
the closed-shell ground stdte.

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 irintramolecularly hydrogen-bonded 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 (TINUVINY:6 It seems
thus generic that intramolecularly hydrogen-bonded aromatic
systems require a torsional motion to reach the conical intersec-
tion of the § and S surfaces, where the radiationless deactiva-
tion takes place. On the other hand, in the intramolecularly
hydrogen-bonded aromatic systems optical excitation leads

In planar intramolecularly hydrogen-bondedsystems, the
excited-state hydrogen transfer itself does not lead to-58

We have discussed in this Feature Article generic mechanismsconical intersection. However, there is now compelling evidence
of excited-state deactivation via hydrogen-atom dynamics in from the computational investigation of several characteristic
isolated aromatic chromophores, their complexes with ampho- ESIPT systems that the hydrogen-transfer process triggers out-
teric solvent molecules, hydrogen-bonded pairs of aromatic of-plane torsion on the;Ssurface, which leads in a barrierless
chromophores, and bifunctional intramolecularly hydrogen- manner to a 5 conical intersection and thus ultrafast internal
bonded aromatic systems. It has been shown that excited-stateonversiorf*-8 The EDPT process illustrated in Figure 14 thus
reactions involving the detachment or transfer of a hydrogen emerges as a unifying concept behind such seemingly different
atom play a decisive role for the photophysics of all these phenomena as H-detachment from aromatic chromophores in
systems. While photoinduced hydrogen detachment from acidicthe gas phase, formation of solvated electrons in solution,
chromophores and hydrogen transfer to saturated solventfluorescence quenching by hydrogen bonding, the function of
molecules are driven byro* states with pronounced Rydberg commercial organic photostabilizers, and the photostability of
character, the hydrogen-transfer processes from saturated solvertiological molecules such as DNA and protefis.

8. Conclusions
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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

Sobolewski and Domcke

(29) Conical Intersections: Electronic Structure, Dynamics and Spec-
troscopy Domcke, W., Yarkony, D. R., Kapel, H., Eds.; World Scien-
tific: Singapore, 2004.

(30) Lan, Z.; Domcke, W.; Vallet, V.; Sobolewski, A. L.; Mahapatra,
S.J. Chem. Phys2005 122, 224315.

(31) Vallet, V.; Lan, Z.; Mahapatra, S.; Sobolewski, A. L.; Domcke,
W. J. Chem. Phys2005 123 144307.

(32) Blank, D. A.; North, S. W.; Lee, Y. TChem. Phys1994 187, 35.

(33) Wei, J.; Kuczmann, A.; Renth, F.; Temps,Fhys. Chem. Chem.

this direction have been done, employing either quantum wave Phys.2003 5, 315.

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., ref983
It can be envisioned that the combined efforts of ab initio

computational studies and advanced spectroscopic experiment

will lead to a new level of understanding of organic photo-
chemistry and photobiology.
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