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Abstract

Dipyrido[2,3-a:3,2-i]carbazole (DPC) is known to undergo excited state double proton transfer in cyclic complexes with alcohols. This
process is detected by the appearance of low-energy fluorescence, red-shifted with respect to the “normal” emission. X-ray studies show
that DPC forms cyclic, but strongly nonplanar doubly hydrogen-bonded dimers in the crystalline phase. No tautomeric fluorescence could
be detected for DPC crystals. However, this emission becomes readily observed for solid DPC samples that have been exposed to water
vapor, or prepared on hydroxylic supports, such as wool, filtration paper, or mica. These results suggest possible use of DPC as a probe for
detection of humidity and hydroxyl groups. Tautomeric emission was also observed for DPC embedded into a hydroxyl-group-containing
polymer, poly(vinyl butyraleo-vinyl-alcohol-co-vinyl acetate). The ability to form cyclic, doubly hydrogen-bonded dimers and complexes
with hydroxyl-group-containing partners is compared in a series of structurally related molecules: DPC, 1H-pyrhjip{®@ine,
7-azaindole, 1-azacarbazole. Molecular geometry dictates that the systems with the strongest propensity to form flat dimers should have
the weakest tendency for the formation of cyclic solvates, and vice versa.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction sion experiments and postulate a concerted, simultaneous
double proton transfer mechanigtv,22,28]
Light-induced transfer of two protons in a dimeric sys-  Interestingly, in solid 7Al tautomerization is not observed.

tem was first observed more than 30 years ago for concen-This is due to the fact that 7Al does not form dimers in the
trated solutions of 7-azaindole (7AJl]. Since that time, crystal phase. The structure consists of basket-like tetramers,
this photoreaction has been thoroughly studied (for reviews, in which each molecule is doubly hydrogen-bonded to two
see[2,3]). Recent years have brought a real explosion of other 7Al partnerg46].
both experimenta[4—29] and theoretica[30-45] results The experiments in molecular beams revealed the exis-
concerning the spectroscopy and photophysics of 7Al. How- tence of two different dimeric forms of 7Al, of which only
ever, the mechanism of the phototautomerization processone is able to tautomerif&0,47,48] The structure of the lat-
in 7Al dimers remains a subject of strong controversy. On ter was assigned to a planar, cyclic, doubly hydrogen-bonded
the basis of time-resolved experiments which combined the dimer. The arrangement of the two monomeric units in the
technigues of supersonic jets, Coulomb explosion, and massther form was less clear. Similar results have been obtained
spectroscopy detection, it was proposed that the transfer ocfor a structurally similar molecule, 1-azacarbazole (1AC).
curs in a stepwise fashigd,14-16,23,25,39,45]The first The evidence for two types of dimers was presented not only
proton is transferred in about 600fs, whereas several pi- for molecular beamgt7], but also for solution§9]. A con-
coseconds are required for the second proton. Some authorsyincing argument for the structural assignment of the tau-
however, question the interpretation of the Coulomb explo- tomerizing species was provided by X-ray analysis of 1AC.
In contrast to 7Al, 1AC was found to form nearly planar,

* Corresponding author. Fax:48-22-6325276. cyclic, doubly hydrogen-bonded dimdB9] (Scheme )L By
E-mail address: herbich@ichf.edu.pl (J. Herbich). showing that the excited state double proton transfer in the
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on various supports: quartz, mica, and graphite plates, fil-
N\ BN O O tration paper, wool. The exposure of solid DPC to humidity
| _ | occurred either under normal conditions (i.e., leaving the
N /
H

N : : .
N N ﬁ N\ r(a H r§1 7 sample in the air for extended periods (from hours to days)
or was realized by placing the sample above water (at
7Al 1AC DPC temperatures varying between 293 and 373K). Different

ways of water-containing sample preparation led to differ-
ent ratios between “normal” and tautomeric fluorescence
intensities. However, the spectral location of the emission
bands as well as lifetimes remained very similar.

Samples of DPC incorporated into poly(vinyl butyra-
vinyl-alcohol-co-vinyl acetate) (PVB) sheets were obtained
by evaporating tetrahydrofuran solution of the polymer
(Aldrich) containing small amounts of DPC.

Stationary fluorescence measurements were done on an
Edinburgh FS 900 CDT spectrometer. The spectra were cor-
rected using the spectral sensitivity curve of the instrument.
Fluorescence lifetimes were obtained by means of an Ed-
inburgh FL 900 CDT time-resolved fluorometer, with esti-
mated time resolution of 300 ps.

Scheme 1. 7Al, 1AC, and DPC.

crystalline dimers occurs at temperatures as low as 1.5K,
we pointed out that this process must be either barrierless
or must occur by tunneling through a small barifgt].

It thus became apparent that the planarity of the dimer
is an important factor for efficient phototautomerization. In
order to find out to what degree can the process be ham-
pered by distortion from planarity, we were looking for non-
planar dimeric systems which, however, retain the pattern
of cyclic double hydrogen bond. It turned out that such a
situation occurs in dipyrido[2,2:3',2-i]carbazole (DPC), a
molecule for which we have detected two-proton photoin-
duced tautomerization in alcohol complexgg,53] In this
work, we present the X-ray data for DPC together with the
results of photophysical studies, which show that the excited
state double proton transfer reaction is hindered in highly as
nonplanar dimers of DPC. On the other hand, exposure of
solid DPC to hydroxylic environment can induce the ability
to undergo phototautomerization, which is evident from the
appearance of the tautomeric emission.

3. Results and discussion

Fig. 1 presents the fluorescence of solid DPC obtained
a function of the temperature. The spectrum strongly re-
sembles the emission obtained for DPC solutions in nonpo-
lar solvents. With respect to the latter, the vibronic structure
is less resolved at 293K, but becomes quite sharp at low
temperatures. The low temperature spectrum of solid DPC
is red-shifted with respect to that mhexane solution by
about 1500 cm?! and virtually identical in shape.
2. Experimental and computational details Absent in the emission of solid DPC is the red fluores-
cence, characteristic of a phototautomer, and readily ob-
The synthesis and purification of DPC have been de- served in alcohol solutions of DPC, both at 293 and 77K
scribed previously52]. The crystal data are as follows: [52]. This fluorescence corresponds to the product of the
Ci1gH11N3, orthorhombic, Pbcru = 21.7111), b = excited state double proton transfer reaction occurring in
8.178(1), ¢ = 147021 A, F000 = 1120, Z = 8, cyclic, doubly hydrogen-bonded 1:1 complexes of DPC with
n(CuKa) = 6.57cntl; 3217 reflections were measured, alcohol Scheme 2
2814 unique,R1 = 0.038, wR = 0.135 (for all data), In a related 1AC molecule, the tautomeric emission has
S =1.072. The data were collected at room temperature by been observed both in alcohdE6] and in the solid state
using a KM4 (Kuma Diffraction) diffractometer, graphite [49,51] 7Al, in turn, shows the photoreaction in alcohols
monochromated)(CuKa) = 1.54718A, w — 20 scan [1,57-59] but not in the solid state. Lowering of temper-
mode. The Lorentz-polarization corrections were applied, ature leads to the disappearance of the red band in alcohol
but not for absorption. The structure was solved by direct solutions of 1AC and 7Al. This is not the case, however,
methods (SHELXS-8354]) and refined by a full-matrix, in the solid 1AC, where the tautomeric band was observed
least-squares procedure (SHELXL-955]). Hydrogen even at 1.5K. This difference has been explained by pos-
atoms were located on a difference Fourier map and refinedtulating that in the alcohol solutions of 1AC, the cyclic
as isotropic. complex is only formed after excited state solvent relax-
Various procedures were used for preparation of solid ation. In the solid, however, the reactive structure, a cyclic,
DPC samples for spectral measurements. For temperatureloubly hydrogen-bonded dimer, exists already in the ground
dependence studies, microcrystals were placed betweerstate. Indeed, the crystallographic data for 1AC reveal a
two quartz windows used in the closed-cycle Displex 202 quasi-planar dimeric structure, with nearly linear NHN
(APD-Cryogenics) cryostat. Alternatively, DPC was sub- hydrogen bond$50]. The persistence of tautomeric emis-
limed onto the quartz window. In another variant, a thin sion even at lowest temperatures proves that the photoreac-
film of solid DPC was obtained by evaporation from di- tion in the cyclic 1AC dimers is either barrierless or occurs
ethyl ether solution. Samples of solid DPC were obtained via tunneling.
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Fig. 1. Fluorescence of solid DPC at different temperatures: 200K (a), 120K (b), 90K (c), 70K (d), 40K (e), and 20K (f). Inset, comparison of room
temperature normalized emission spectra of solid DPC (solid line) and of the solutishexane (dashed line).

In DPC:alcohol complexes, the photoreaction is observed major solvent rearrangement is required around the excited
at 77 Kiinrigid alcohol glasses, which shows that in this case, DPC chromophore. This difference explains much faster
the reactive complex structure is achieved in the ground statephototautomerization rate in DPC complexes, where the re-
[52,53,60] Thus, contrary to the case of 7Al and 1AC, no action takes place in about a picosecond at 298XH. In
7Al, the process is about two orders of magnitude slower
[62].

These experimental findings were corroborated by Monte
Carlo and molecular dynamics calculations performed for
7Al, 1AC, DPC and related systenfid4,63] Simulations
for alcohol and water solvents indicated that for DPC a large
fraction of complexes exist in the ground state as “correctly”
solvated forms, whereas this is not the case for 1AC and 7Al.

Our present results show that the relative propensity of
DPC vs. 1AC to form photoreactive species is reversed
in the solid state with respect to the situation in alcohols.
The absence of phototautomerization in solid DPC shows
the inability of the system to reach the reactive structure,
a flat dimer. The reason for this behavior becomes clear
upon analyzing the X-ray data, shownhig. 2 DPC forms
dimeric, doubly hydrogen-bonded units. However, the two
moieties are strongly twisted with respect to each other.
The dihedral angle between the two planes is 67.53(1)
The NH.--N atoms engaged in hydrogen bonding form
an angle of 150.52(1.77)the corresponding N-N distance
Scheme 2. The scheme of phototautomerization process in the alcohol'S 3'055(2)_A' Th_IS Strl.JCture is quite different from that of
solvates of DPC. the 1AC dimer, in which the two planes are parallel, the
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Fig. 2. Fragment of the X-ray structure of DPC. The dimeric unit is shown on the right.

NH--.N atoms arranged in a linear fashion (an angle of ring is close to zero. The topology of the monomeric units
172.89), and the N-N distance is 2.946(2) A. The structures dictates that for 7Al and 1AC this angle should be around
of 1AC dimer and 7Al tetramer are schematically presented 15-20; the lower value is predicted for 1AC, in excellent
in Fig. 3. The preference of 7Al to form tetramers instead agreement with the crystal structure data. On the other hand,
of flat cyclic dimers has been explained by several factors, in DPC this angle becomes larger tharf 4@hich makes
including better linearity of hydrogen bonds and the stabi- the flat arrangement highly unfavorable. Another factor act-
lizing influence of stacking interactions (these would be less ing against planarity is the steric repulsion due to the pres-
favorable for 1AC, which cannot produce a packed basket ence of two extra aromatic rings. It is interesting to note
structure due to the presence of the additional phenyl ring) that the latter factor is absent in 1H-pyrrolo[Ruinoline

[46]. Similar steric arguments may explain the inability of (PQ), a molecule which has the same topology of N atoms
DPC to form flat cyclic dimers. For such structures, the ideal as DPC, but is devoid of these rings. The X-ray data for
linear arrangement of two parallel NH- N hydrogen bonds  this molecule also show the presence of nonplanar dimers,
can be achieved if the angle between the N—H bond of the but the twisting angle is now much smaller than in DPC,
pyrrole ring and the bisector of the CNC angle of the pyridine 22.6° [64].

Fig. 3. The structures of 1AC dimer (left) and 7Al tetramer (right).
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Fig. 4. Room temperature fluorescence spectra of DPC sublimed on a quartz plate before (a) and after (b) saturation with water vapor.

Contrary to the situation in dimers, in cyclic 1:1 com- structures can also be formed in the solid phase. Indeed,
plexes with water or alcohol, the arrangement of nitrogen samples of solid DPC exposed to water vapor revealed the
atoms similar to that of DPC and PQ becomes more favor- tautomeric fluorescence, a clear indication of the presence
able than that of 1AC or 7Al. The hydroxylic partner simul- of cyclic speciesKig. 4). The intensity ratio of the red vs.
taneously acts as a hydrogen bonding donor and acceptorthe blue band increased with exposure time, or when the
For steric reasons, this is much easier to achieve in the for-sample was vigorously saturated, e.g., by holding it above
mer class of molecules, because in the latter, the ensuingboiling water. The decay time of the red fluorescence at
hydrogen bonds would be strongly nonlinear. 293K was about 1 + 0.2 ns, much more than 250 ps, the

In view of high propensity of DPC to form cyclic com- value obtained for the tautomeric fluorescence-outanol
plexes with alcohols in solution, we checked whether such [52]. The influence of the rigidity of the environment on the
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Fig. 5. Room temperature fluorescence spectra of DPC embedded in PVB.
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Fig. 6. Room temperature fluorescence spectra of DPC on hydroxylic supports. (1) Filtration paper: freshly sublimed sample (a), after 24 h indaaftéy),eaposure to hot water vapor (c). (2)
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tautomeric fluorescence lifetime could also be seen from thetendency for cyclic solvation with alcohol or water will be
results obtained for samples of DPC embedded into PVB stronger for molecules that form nonplanar dimers, e.g., DPC
films (Fig. 5). These samples also exhibited the tautomeric or PQ. These predictions are confirmed experimentally. Our
fluorescence of which the decay wa8 & 0.2 ns, a value results nicely complement the works of Chou and cowork-
practically identical to that measured for solid DPC. Two ers[5,6,18,26] who demonstrated that the stability of 7Al
components were found in the decay of the blue emission, cyclic complexes with protic partners strongly depends on
9.9 and 1.8 ns. The former value is close to 9.2 ns, the decaythe geometry of the latter. Thus, the phototautomerization
time obtained for butyronitrile solution. None of these two efficiency may be tuned by choosing an appropriate partner.
components could be observed as risetime in the kinetic pro-In our case, it is the chromophore that is being tuned up.
file of the tautomeric band, which shows that the blue and A question that remains to be answered relates to the max-
red emissions are not kinetically coupled. The two lifetimes imum distortion from planarity in a cyclic dimer that still
of the blue emission may come from DPC molecules expe- does not preclude phototautomerization. An obvious candi-
riencing different microenvironments in the polymer. Life- date for experimental studies is the molecule of PQ, which in
time measurements in various solvents indeed show that thethe solid phase forms nonplanar, doubly hydrogen-bonded
decay is very sensitive to the nature of the solvent: 6.0 ns dimers, but with the twisting angle much smaller from that
is obtained for DMSO, whereas imhexane, the decay is of DPC.
much longer, 14.0ns (both values were obtained in deaer- Finally it should be pointed out that the sensitivity of DPC
ated solutions). fluorescence to hydroxylic partners suggests a possible use
In the solid samples, the decay of the main component of this molecule, e.g., as a probe of hydrophilic/hydrophobic
in the blue emission was very shogt0.2ns. In some sam-  character of a surface. Our initial results in this direction,
ples, a component decaying in about 1.5ns could also becomparing the emission patterns obtained on freshly pre-
recovered, pointing to the existence of various emitting pared graphite and mica plates are encouraging.
species. This is consistent with the observation that the
shape of the blue emission changes slightly during satura-
tion of the sample with water. Most probably, both dimeric Acknowledgements
and “uncorrectly” solvated DPC molecules contribute to the
blue fluorescence. This work has been financed by the KBN grants 7T09A
The red emission was also observed for DPC samples ob-024 20 and 7TO9A 044 21. We are grateful to the Rentgenos-
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