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ABSTRACT

Ground and excited state processes induced by hydrogen bond
formation are discussed for a family of heterocyclic compounds
which possess both a proton donor (pyrrole NH group) and an
acceptor (pyridine-type nitrogen). Excited state double proton
transfer and rapid Sp — S; internal conversion are observed only
for molecules capable of forming cyclic, multiply hydrogen-bonded
complexes. If the 1:1 cyclic, doubly hydrogen-bonded solvate is
present in the ground state, the phototautomerization occurs even
in rigid solvents at low temperatures. Internal conversion process
requires solvent rearrangement and, therefore, does not proceed
in a rigid environment. Another type of fluorescence quenching
was also detected, involving photoinduced electron transfer from
an excited chromophore to an aromatic hydrogen-bonded accep-
tor, such as pyridine. In molecules consisting of proton donor and
acceptor units linked by a single bond, syn—anti rotamerization
caused by hydrogen bonding is observed.

Introduction

It is well-known that the formation of a hydrogen bond
(HB) may lead to significant changes in chemical behavior.
This is particularly true for the excited-state properties.
For instance, diffusional limitations may prohibit a proton-
transfer reaction to occur during the lifetime of the excited
state, whereas such a process is possible for systems with
preexisting intra or intermolecular hydrogen bonds. The
phototautomerization phenomena have been discussed
in numerous works'™® and remain subject of intense
research.

A special case is provided by bifunctional molecules
that can simultaneously act as HB donors and acceptors.
For an appropriate position of both groups, if the HB
partner is also bifunctional, it is possible to form HB
networks, linking the donor and acceptor. A very well-
known case is provided by 7-azaindole (7Al), a molecule
which forms doubly hydrogen-bonded dimers or com-
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Chart 1. 7-Azaindole (7Al), 1-Azacarbazole (1AC), and Cyclic Dimers
and Alcohol Complexes of 7Al
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plexes with alcohols (Chart 1). Both types of structures
undergo excited state double proton transfer (ESDPT)
upon electronic excitation.®” The photoreaction is ac-
companied by the appearance of a low-energy fluores-
cence band, assigned to the tautomeric species in which
the proton is translocated from the pyrrole onto the
pyridine nitrogen. Analogous behavior has been detected
in a structurally similar 1-azacarbazole (1AC).8"1° The
mechanism of the ESDPT process is being heavily dis-
cussed, in particular the issue of stepwise versus simul-
taneous movement of the protons.'>*2 Dimers of 7Al or
1AC can also be considered important models of DNA
base pairs, since tautomerization may play major role in
mutagenesis.'34

In this work, we describe ground and excited state
phenomena induced by hydrogen bonding solvents in a
series of bifunctional azaaromatic chromophores based
on indole, pyrrole, pyridine, and carbazole units (Chart
2). Similarly to 7Al and 1AC, these molecules reveal
ESDPT in the electronically excited state. However, the
phototautomerization rates are completely different. The
photoreaction occurs much faster than in 7Al or 1AC,
due to what could have been considered a minor struc-
tural variation—three instead of two bonds linking the
donor and acceptor nitrogen atoms. Moreover, various
types of complexes are detected, of which one reveals
ESDPT, while in the other forms the main channel of S;
depopulation is a rapid internal conversion (IC) to the
ground state.

In the compounds that consist of a HB donor and
acceptor moieties linked by a single bond, syn—anti
isomerization is possible. This phenomenon may be
induced by dual HB formation, a process that can reverse
the energy ordering of syn and anti forms. The rotamer-
ization has important photophysical consequences, since
the anti form cannot undergo fast depopulation processes,
characteristic for the syn structure.

Finally, a phenomenon of photoinduced electron trans-
fer promoted by HB formation with an azaaromatic proton
and electron acceptor, such as pyridine, will be discussed.
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Chart 2. Examples of HB Donor—Acceptor Compounds:
1H-Pyrrolo[3,2-h]quinoline (PQ), Dipyrido[2,3-a:3',2'-i]carbazole
(DPC), 7,8,9,10-Tetrahydro-11H-pyrido[2,3-a]carbazole (TPC),
11H-Pyrido[2,3- a]carbazole (PC), and Methylene-bridged

2-(2'-pyridyl)indoles (Pyln-n)
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This process is not specific for bifunctional molecules and
was also detected for chromophores possessing only a
donor NH group.

Excited State Double Proton Transfer

In nonpolar and polar aprotic solvents, all the molecules
depicted in Chart 2 reveal intense fluorescence. In alco-
hols, the situation is completely different. The emission
is weak; moreover, dual fluorescence is observed, as
illustrated for dipyrido[2,3-a:3',2'-iJcarbazole (DPC) in
Figure 1. The low-energy band, F,, has been attributed to
the tautomeric species, in which the proton has been
shifted from the pyrrole onto the pyridine-type nitrogen
atom.’®~17 The driving force for this reaction is provided
by large pK, changes in the lowest excited electronic
singlet state. For instance, it has been shown for 1H-
pyrrolo[3,2-h]quinoline (PQ) that, upon excitation, the
pyridine nitrogen becomes much more basic (ApK, =
+9.6); the acidity of the NH group is also strongly en-
hanced (ApK, = —6).%6 As long as the activation energy
remains high, these thermodynamic factors are not suf-
ficient to ensure that the proton transfer will take place
during the lifetime of S;. The process is facilitated in alco-
hols by the formation of complexes in which one solvent
molecule simultaneously acts as a hydrogen bond donor
and acceptor. The structure of such 1:1 cyclic, doubly
hydrogen-bonded species is shown for 7Al in Chart 1.
At first glance, the dual character of luminescence in
7Al and in the compounds depicted in Chart 2 suggests a
similar mechanism of the excited-state photoreaction in
these molecules. However, closer examination of spec-
troscopy and photophysics reveals meaningful differences.
For alcohol solutions of 7Al and 1AC, lowering of tem-
perature leads to disappearance of F,, the low-energy
fluorescence band. The F,/F; intensity ratio is dependent

Fluorescence intensity [a.u.]
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FIGURE 1. Top: room-temperature emission of DPC in propanol-
1, revealing the fluorescence of the initially excited form (F;) and of

the tautomeric species (F,). Bottom: total emission at 77 K (a),
phosphorescence spectrum (b).

on alcohol viscosity.'® On the contrary, in PQ and DPC
the F, emission is still observed in rigid glasses at
temperatures as low as 77 K (Figure 1). Phosphorescence
is also detected, located between the F; and F, fluores-
cence bands. The excitation spectra taken at 77 K show
that two different ground-state species are responsible for
this unusual luminescence pattern: the “normal” F;
emission and phosphorescence have the same precursor,
whereas the tautomeric emission occurs from another
type of complex.'®> Thus, only “correctly” solvated mol-
ecules are able to tautomerize at low temperatures. Since
no F, fluorescence is observed in 7Al at 77 K, it is logical
to conclude that the cyclic 1:1 structure of the solvate can
only be achieved in this molecule upon electronic excita-
tion, whereas in PQ or DPC such forms already exist in
the ground state.

This idea has been corroborated by the results of
measurements of F; decay and F; rise profiles. In 7Al, the
F1 fluorescence decays in a few hundred picoseconds, the
exact value depending on the alcohol.®* The monoexpo-
nential decay time is the same as the rise time of F,. In
PQ, DPC, and 7,8,9,10-tetrahydro-11H-pyrido[2,3-a]car-
bazole (TPC), the F; decay is not monoexponential.?° It
consists of a short component (a few ps) and a long
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FIGURE 2. Scheme showing equilibria between various types of
complexes and excited-state deactivation channels. BPT denotes
back proton transfer, other acronyms are explained in the text.

component (tens of picoseconds in less viscous alcohols,
more than a hundred in more viscous ones). Only the
short component, not much dependent on the nature of
the alcohol, is observed in the rise of F, and is therefore
assigned to a cyclic 1:1 complex, a ground-state-preformed
species.

The general picture thus corresponds to a dynamic
equilibrium between cyclic and noncyclic solvates, with
the former having a very small barrier for ESDPT (Figure
2). In the latter, the photoreaction is not possible without
solvent rearrangement around the excited chromophore.
This solvent relaxation process is connected with a rapid
nonradiative internal conversion to the ground state,
described in the next section.

It is to be expected that phototautomerization in
correctly solvated species may involve tunneling. Indeed,
an isotope effect, more pronounced at lower temperatures,
has been observed.?

The huge differences in the rate of excited state for-
mation of the tautomeric species reflect different photo-
reaction mechanisms. In 7Al or 1AC, solvent rearrange-
ment around the excited chromophore is required prior
to ESDPT, whereas in molecules with PQ topology,
properly solvated structures are present already before the
excitation.

The origin of different propensities to form cyclic 1:1
species is due to slightly different topologies of 7Al and
PQ-type molecules. In the former, the HB acceptor and
donor groups are separated by two bonds, as compared
to three in the latter, which results in a much more linear
character of the two hydrogen bonds in the cyclic 1:1
complex. Interestingly, in the dimers the situation is
reversed: 7Al and 1AC can form much more linear
hydrogen bonds than the derivatives of PQ. The tendency
to undergo ESDPT in dimers should thus be opposed to
that found in the alcohol solvates. Indeed, the tautomeric
fluorescence has been observed in solid 1AC at a tem-
perature as low as 1.5 K.1° Crystalline 1AC consists of
planar, doubly hydrogen bonded cyclic dimers, whereas
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FIGURE 3. Results of MD simulations for 7Al, PQ, and PyIn-2 in
n-hexane containing 1 molecule of methanol (left) and in bulk
methanol (right).

in solid DPC, the two molecular planes are tilted with
respect to each other. No ESDPT has been detected in the
latter, even at room temperature.?

Simulations of the structure of ground-state alcohol
and water complexes have been performed using molec-
ular dynamics (MD).?> Three molecules have been se-
lected: (1) 7Al, for which the experiments suggest the lack
of cyclic 1:1 species in bulk alcohols; (2) PQ, for which
the majority of complexes is of cyclic type; (3) Pyln-2, in
which the cyclic species seem to be present in smaller
amounts than the noncylic ones. The results are shown
in Figure 3. HB distance distribution is used, representing
the probability of a simultaneous occurrence of a pair of
NH---O and N---HO distances. The values of these dis-
tances provide a criterion for distinguishing between cyclic
and noncyclic solvates. The complex is considered cyclic
when both distances are simultaneously smaller than a
certain value (2.2 and 25 A have been used;?® the
population maxima occur at around 1.8—2.0 A). The
computations that simulate adding minute traces of
alcohol to nonpolar solutions predict a similar structure,
acyclic 1:1 species in all cases, even though the 7Al solvate
is definitely less “rigid”. The situation changes dramatically
for the simulation of bulk alcohol solutions: no cyclic 1:1
solvates whatsoever are obtained for 7Al, whereas for PQ
this form remains dominant. For PyIn-2, both cyclic and
noncylic species are predicted to exist (cf. forms a, b, and
¢ in Figure 3), the noncyclic ones in larger amounts. These
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conclusions are in perfect agreement with the experimen-
tal data and with previous Monte Carlo and MD calcula-
tions for 7Al, 1AC, and DPC.28

In summary, both experimental and theoretical re-
sults show that the rate and thus, the efficiency of ESDPT
in solvates of bifunctional HB donor/acceptor mole-
cules depend on the specific structure of the hydrogen
bonds to the solvent. Cyclic 1:1 species are predes-
tined for a rapid phototautomerization, which cannot be
stopped even in a rigid, low-temperature environment.
On the contrary, for noncyclic solvates solvent rearrange-
ment is required; as a consequence, the reaction becomes
slower; moreover, it can be stopped by increasing solvent
viscosity.

Fluorescence Quenching by Specific HB
Solvation

Even though ESDPT in PQ and related molecules only
occurs in cyclic 1:1 complexes, formation of the other
types of solvates also has a dramatic impact on the excited
state properties. In comparison to the behavior in aprotic
solvents, the fluorescence of HB complexes is weaker and
shorter-lived. The excited state lifetime strongly depends
on the alcohol viscosity and, thus, on temperature. At
sufficiently low temperatures, where the environment is
rigid, the radiative properties of the chromophore are
recovered.

By using transient absorption spectroscopy, it was
demonstrated that the quenching of fluorescence is due
to enhanced rate of the Sy < S; internal conversion.?42>
In alcohols, the process becomes much faster than
T, — S; intersystem crossing, the latter being a dominant
S: nonradiative depopulation channel in aprotic media.
As a result, no triplet population is observed in liquid,
nonviscous alcohols.

It was found that the rapid internal conversion is only
observed in bifunctional molecules. The process is absent
when the chromophore lacks one of the HB centers, e.g.,
in 2-phenylindole, or in 2-(2'pyridyl)indoles for which the
NH hydrogen is replaced by a methyl group. This finding
implies that both centers are involved in the quenching
and that the mechanism of the process is different from
those postulated previously to account for the quenching
observed in singly hydrogen-bonded chromophores.?® A
plausible explanation is similar to a recently proposed
“unsuccessful chemical reaction mechanism”.?” According
to this model, which was put forward for the case of an
excited-state single hydrogen transfer process, the “down-
hill” movement of the proton in the excited state leads to
a configuration corresponding to a large destabilization
of the ground-state energy. Sp—S; conical intersection may
thus occur, which rapidly brings the excited molecule back
into the ground state.

A structure that seems most probable for the elucida-
tion of the nature of the rapid IC process is a 1:2 complex,
with one alcohol molecule hydrogen-bonded to the NH
group and the other attached to the pyridine nitrogen (see
Figure 2). If these two alcohol molecules additionally form

Chart 3. 2-(2'-Pyridyl)indole (Pyln-0), 2-(3'-Pyridyl)indole (3'-PyIn-0),
and 2-(4'-Pyridyl)indole (4'-PyIn-0)
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a hydrogen bond among themselves, a cyclic bridged
structure results, which, in principle, can take part in
phototautomerization. However, the process now requires
a correlated shift of three protons, a highly improbable
event, given that the cyclic 1:2 complex is much less rigid
than its 1:1 counterpart. Therefore, the dissipation of the
excited state energy along the proton transfer path seems
highly probable. Somewhat similar models have been
proposed to explain the proton transfer along solvent
bridges in 7-hydroxyquinoline?® and the energy dissipation
in 7A1.2°%0 What remains to be explored is the role of
different electron density distribution and minor geometry
differences along a series of structurally similar molecules.

The hypothesis of the crucial role of 1:2 complexes in
the nonradiative S; decay is confirmed by the comparison
of properties of isomeric pyridylindoles (Chart 3). In 2-(3'-
pyridyl)indole (3'-PyIn-0), it was shown that the prefer-
ential stoichiometry of alcohol solvates is 1:2, as expected
from the fact that the two hydrogen bonding centers are
too far apart to form a cyclic 1:1 complex.3! The fluores-
cence of this molecule is strongly quenched in alcohols,
but no trace of the tautomeric emission can be found. In
turn, 2-(4'-pyridyl)indole (4'-PyIn-0) emits exceptionally
strong fluorescence in both aprotic and alcohol solvents;
no quenching whatsoever is detected in the latter. The
electronic absorption spectra show that both 3'-PyIn-0
and 4'-PyIn-0 form complexes with alcohols. Thus, the
proximity of two alcohol molecules bound to the same
chromophore in 3'-PyIn-0, and thus able to form a 1:2
cyclic complex, enables the quenching. In principle, larger
complexes with more than two alcohol molecules bridging
the two centers are possible in 4'-PyIn-0. The lack of the
nonaradiative process in this molecule provides an argu-
ment against the presence of such forms.

One can conclude that the “successful” and “aborted”
excited state proton transfer processes are complementary
to each other. Which of them is dominant depends on
the relative fractions of differently hydrogen-bonded
ground-state solvates. These, in turn, seem to be very
sensitive to minor structural details, as witnessed by the
results obtained for molecules with the same topological
motif of HB donor/acceptor location (Chart 2). For PQ,
DPC or TPC the cyclic 1:1 species are dominant. In 3,3'-
dimethylene-2-(2'-pyridyl)indole (PyIn-2) they are out-
numbered by other type of solvates, similarly to 11H-
pyrido[2,3-a]carbazole (PC), where only a very small
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FIGURE 4. Molecular orbitals involved in low-lying LE and CT states
of PQ:pyridine 1:1 complex. The structure was optimized using
B3LYP/6-31G**.33

amount of such form is present, as evidenced by extremely
weak tautomeric fluorescence. No tautomeric fluorescence
could be detected at all in unbridged 2-(2'-pyridyl)indole
(PyIn-0).

Fluorescence Quenching by Electron Transfer

Not only hydroxylic solvents are efficient in the fluores-
cence quenching of PQ and related molecules. Upon
adding pyridine to a nonpolar solution, emission intensity
decreases.®23 At the same time, the absorption spectra
reveal isosbestic points, indicative of complex formation.
These complexes, of 1:1 stoichiometry, are formed due to
hydrogen bonding between the NH group and the pyri-
dine nitrogen. Ground-state complex formation also oc-
curs for other HB acceptors, such as dimethyl sulfoxide,
or amines, e.g., morpholine and piperidine. However, no
quenching is observed in these cases. Morpholine and
piperidine are much stronger bases than pyridine, but the
latter is easier to reduce. This suggests that the quenching
may be due to electron transfer. Indeed, using quinoline,
a better electron acceptor, instead of pyridine, results in
stronger quenching.

The TD-DFT calculations of excited electronic states
of isolated PQ and of its complexes with pyridine predict
that in the complex, a low-lying transition of CT character
is present, close in energy to the locally excited (LE) S;
state (Figure 4). The charge is transferred from the PQ
moiety onto the pyridine ring. The much larger dipole
moment of the CT state with regard to that of the LE state
may lead to stabilization of the former with respect to the
latter in polar solvents.

The mechanism of fluorescence quenching is shown
in Figure 5. Formation of the HB complex is a prerequisite
for the subsequent charge transfer. In contrast to the case
of quenching by alcohols, which is only efficient in
bifunctional molecules, the deactivation now occurs also
in molecules with just one HB center, the NH group. Thus,
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FIGURE 5. The mechanism of fluorescence quenching by electron
transfer (ET) in the PQ:pyridine complex. LE and CT indicate locally
excited and charge transfer states, respectively. Back electron
transfer is denoted as BET.

the emission is quenched in such molecules as 2-phen-
ylindole and its derivatives, but not in the N-methyl
substituted pyridylindoles. Lack of intensity decrease in
the latter excludes a possibility of quenching via non-
hydrogen-bonded exciplexes, whose existence could have
been expected for indole derivatives.

Systematic studies of twenty-odd different molecules
have shown that the rate of the quenching, and thus of
the LE — ICT state conversion, becomes faster for
molecules with the larger equilibrium constant for ground-
state complexation, and thus with the stronger hydrogen
bonds.® The search for transient absorption originating
in the 1CT state was unsuccessful, which suggests that the
charge transfer state is deactivated faster than it is formed.
For the same reason, no indication of proton transfer from
the NH group toward the negatively charged pyridine
moiety was found.

Solvent-Induced Rotamerization

The processes described above demonstrated the influ-
ence of hydrogen bonding upon the excited-state behav-
ior. For a class of molecules in which the HB donor and
acceptor groups are located in separate parts, linked by a
single bond, use of alcohol solvents also leads to interest-
ing consequences for the ground-state structure.3' In
PyIn-0, the pyridine nitrogen and the indole NH group
may be located either on the same, or on the opposite
sides of the molecule. These two positions correspond to
syn and anti forms, respectively. The calculations predict
that in the isolated molecule the syn form should be more
stable by about 5 kcal/mol. Indeed, in aprotic solvents,
both nonpolar and polar, only the syn form is detected.
However, in alcohol solvents, syn — anti rotamerization
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FIGURE 6. Top: scheme of ground and excited-state equilibria
between syn and anti rotamers of PyIn-0. Bottom: results of MD
simulations for three different solvents: n-hexane (a), chloroform
(b), and methanol (c).

occurs, and the anti form is present in a 4-fold excess over
the syn structure. This has significant implications for the
photophysics, since neither the ESDPT or enhanced
internal conversion can occur in the anti form. Therefore,
the two rotamers can easily be spectrally distinguished,
not only due to slightly different positions of the emission
maxima but, most of all, because of very different fluo-
rescence quantum yields and lifetimes.

The driving force for rotamerization is provided by two
different factors: (i) specific hydrogen bonding interac-
tions, which seem thermodynamically more favorable in
the anti form, where the donor and acceptor groups are
bound by separate alcohol molecules; (ii) a substantial
dielectric constant of alcohols, stabilizing the anti struc-
ture, which has a larger dipole moment than the syn form.

Molecular dynamics simulations have been performed
for Pyln-0 in three solvents: hexane, CCl,, and metha-
nol.3! The results, presented in Figure 6, confirm the
experimental picture: in alcohol, the majority of mol-
ecules are in the anti form, whereas the opposite is true
for the other two solvents.

The phenomenon of solvent-induced rotamerization
seems quite general, as is revealed by our current studies

of an isomer of Pyln-0, 2-(2'-pyrrolyl)quinoline, 2-(2'-
pyrrolyl)-1,8-diazanaphthalene, and by the simplest mol-
ecule of the series, 2-(2'-pyridyl)pyrrole.

Summary and Conclusions

The above examples show that a careful design of hydro-
gen bonding topology in chromophores with multiple
bonding sites may lead to structures showing completely
different photophysical characteristics in different envi-
ronments. In protic solvents, excited-state tautomerization
can be controlled by changing the positions of the donor
and acceptor relative to each other. For instance, moving
the pyridine nitrogen just one bond away from the NH
group, as in 3'-PyIn-0, eliminates the possibility of ESDPT,
but maintains the propensity for efficient internal conver-
sion in hydroxylic solvents. A further shift by one bond,
from 3'-PyIln-0 to 4'-PyIn-0, results in the recovery of
strong emission.

The possibility of applyng the bifunctional molecules
as probes is obvious. In a recent work, we used fluores-
cence characteristics to probe the hydrophilic versus
hydrophobic character of surfaces of graphite, paper, and
wool.?!

Finally, careful analysis of structures capable of, or
unable to tautomerize, sheds light on the proton transfer
mechanism and the reaction coordinate. In appropriately
hydrogen-bonded solvates, the tautomerization coordi-
nate corresponds to the actual motion of protons, whereas
for other type of complexes, the process is slowed, or even
limited by solvent rearrangement. To better understand
the role of and interplay between various reaction coor-
dinates, our current studies involve well-defined solvates,
studied under conditions of isolation and low tempera-
ture.

Most of the results presented in this review could not have been
obtained without intense collaboration with the synthetic group
of R. P. Thummel (University of Houston). The author wishes to
thank J. Herbich and A. Kyrychenko for their crucial contribu-
tions to both spectral and theoretical studies. The efforts of J.
Dobkowski, P. Borowicz, M. Kijak, W. Rettig, M. Gil, Y. Stepanen-
ko, A. Zielihska, V. Galievsky are highly appreciated. Femto- and
picosecond studies have been carried out in cooperation with the
group of M. Glasbeek at the University of Amsterdam. Inspiration
for studying bifunctional chromophores was provided by aesthe-
tetically appealing papers of Michael Kasha. The work was
sponsored, in part, by Grant 7T09A 02420 from the Polish State
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