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Tautomerism of pyrazolo[3,4-b]quinoline (PQ) was studied using electronic absorption and emission
spectroscopies in various polar and nonpolar solvents. The absorption spectra of the tatutomers were modeled,
and the respective bands were assigned using ab initio quantum mechanical calculations. Temperature-dependent
absorption spectra showed the dynamic equilibrium of the two species, which were observed only in aliphatic
solvents. The anomalous relative populations of the tautomers were explained by the stabilizing effect of the
specific PQ-hydrocarbon interactions. Excited-state intramolecular proton transfer (ESIPT) was proposed to
explain the measured fluorescence spectra. Hydrogen bonds that are formed in methanol and benzene were
shown to strongly influence the nature of both the absorption and emission spectra.

Introduction rather poorly. Further improvement of the design of PQ
derivatives requires more information on the electronic and
optical properties of the parent PQ compound. Electronic
absorption studies of PQ have already been undertié&bypt
because of the limited experimental data and poor quantum
mechanical methods used (semiempirical), the tautomerism
phenomenon and possible excited-state intramolecular proton
transfer (ESIPT17 were omitted and not addressed at all.
Determination of the mechanism of proton transfer in both the
ground and excited states via either intramolecular (ESIPT) or
intermolecular fashion is important in explaining many enzy-
matic reactions and mutation mechanisms. Thus, with its unique
structure and properties, PQ might become a novel model
8ompound for these studies.

Pyrazoloquinolines constitute an important group of com-
pounds, whose derivatives find numerous practical applications.
Two basic structures in this group are pyrazolo[4,3-c]quinoline
and pyrazolo[3,4-b]quinoline. Derivatives of the first group have
found applications in pharmacology, mainly as selective an-
tagonists for adenosine receptéfDerivatives of the latter are
used as luminescent and electroluminescent matératsne
PQ derivatives fluoresce with very high quantum efficiencies
(over 90%), and their emission occurs in the color range from
blue! to greer® This property makes the compounds of this
group very good candidates for the production of organic light-
emitting diodes (OLEDS) Some PQ derivatives containing both
electron-donor and -acceptor moieties show a strong dependenc
of their emission on the polarity and viscosity of the environment
because of intramolecular charge transfer. They have been
applied as fluorescent molecular probes in microenvironment  All quantum mechanical computations were carried out using
characterizatiof8 the Gaussian 03 progratiFull optimization of the geometries

Both pyrazoloquinoline structures are formally made up of of 1H-pyrazolo[3,4-b]quinoline (1H-PQ) and 2H-pyrazolo[3,4-
quinoline and pyrazole rings attached in the ¢ or b position. b]quinoline (2H-PQ) was performed by density functional theory
The proximity of nitrogen atoms in the PQ molecule enables (DFT) with the aug-cc-pVDZ basis and application of the hybrid
proton transfer between these positions and can lead to tau-B3LYP potential*® Computations of the singlet-state energies
tomerism in the pyrazol ring. The phenomenon of proton transfer (first 50 states) were carried out in the same basis with the
is under intensive theoretical and experimental study mainly identical hybrid potential by time-dependent DFT (FDFT)
because of its significance in biological systet. However, theory?® The influence of solvents was taken into account in
unlike in most widely studied heterocycl&sproton transfer in the computations using the polarizable continuum model
PQ cannot proceed via formation of hydrogen bonds and stable(PCMY* with the following values of the dielectric constant
five- or six-membered cycles. To the best of our knowledge, (¢): benzene¢ = 2.23; cyclohexanes = 2.02; n-octane e =
proton transfer in such heterocyclic systems containing two 2.00; and methanok = 32.63.
nitrogen atoms in the 1 and 2 positions has not yet been studied Spectrophotometric-grade solvents, namely, benzene, cyclo-
by electronic spectroscopies. hexanen-octane, and methanol, from Aldrich were used in the

To date, different derivatives of PQ have been intensively experiments. PQ was synthesized using the method reported
investigated, whereas the parent compound has been studiethy Gupta at af? Steady-state fluorescence measurements were
performed using an SLM Aminco 8100 spectrofluorimeter

~*To whom correspondence should be addressed. E-mail: equipped with a thermostated cuvette holder and a low-
p"ﬁz@qhﬁm'?-ulﬁdy-p" .fa**“s 12634 0515. Tel.:+48126632201.  temperature accessory for measurements in liquid nitrogen (77
g oA e K). The concentration of the PQ solutions was in the range of
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Figure 1. Electronic absorption spectra of PQ in cyclohexane-(—), Wavelength [nm)
n-octane ), benzene-(- -), and methanol- - — - —). Figure 2. Electronic absorption spectra of PQ in cyclohexane-(—),
n-octane {-), benzene-(- -), and methanol« - — - —) for the $ and

N ) ) S, states. Inset: Absorption spectrum of quinoline in cyclohexane.
TABLE 1: Peak Positions in the Absorption Spectra of PQ

in Polar and Nonpolar Solvents the pyrazole ring. Other types of excitations, in particutar;

absorption wavelengthd (nm) a*, in the measured spectrum of PQ were not observed. This
cyclohexane  n-octane benzene methanol type of excitation does not appear in the spectrum of quinéfine,
S 234.8 240.0 2420 233.8 whereas for pyrazole, the band with a maximum at about 270
S 305.4 305.0 306.0 305.8 nm is assigned to tha — z* transition2425 Even if such a
313.4 313.0 312.0 312.8 transition were possible in the PQ molecule, it would be very
318.4 320.0 320.0 318.8 weak, appearing in the range of the— z* excitations and
St ggg-g 3500 3§g£-100 Tas76 very likely covered by them.
362.0 360.0 364.0 _ Assignment of the Spectra to PQ TautomersAs presented
368.6 368.0 370.0 373.8 schematically in Figure 3, the PQ molecule could theoretically
- 378.0 - - exist in two tautomeric forms: 1H-PQ and 2H-PQ. (The

structure with the hydrogen atom attached to the nitrogen at
the excitation wavelengths. The resolution of both the emission position 9 is energetically unfavorable, as verified by calcula-
and excitation spectra was 1 nm. All spectra were corrected for tions26) The electronic absorption spectra were calculated for
the instrumental response. UV/vis absorption studies were both forms in polar and nonpolar solvents and compared to the
carried out using an HP 8452A diode-array spectrophotometer measured spectra. The computations of the first 50 excited states
equipped with temperature-control accessories. The resolutionfor both forms are presented in Figure 3 for two example

of the spectra was 2 nm. solvents: cyclohexane and methanol. The results of vertical
_ _ energy computations for the excited states of both PQ tautomers
Results and Discussion in the selected solvents are presented in Table 2. Only the

Absorption Spectra. The spectral properties of PQ depend absorption bands between 225 and 4_10 nm whose oscillator
strongly on the nature of the solvent (vide supra), but in both Strengthsf) exceeded 0.005 were considered.
polar and nonpolar solvents, electronic absorption spectra display The calculations show qualitively that the spectrum of 2H-
three characteristic bands (see Figure 1 and Table 1). The mosPQ is red-shifted in all three bands compared to that of 1H-PQ

intense band lying between 200 and 250 nm was assigned aglisregarding the solvent. The most indicative is the shiftin S
Ss, and two other bands lying in the ranges 2830 nm and band, but the difference in relative intensities of the transitions

330-380 nm were denoted as 8nd S, respectively. within the S band is also significant. In particular, except for
Formally, one can distinguish two subsystems in the PQ the strong transition in thes®and for both tautomers, there is
molecule: pyrazole and quinoline. Upon comparison of the @S0 another weak transition, which appears at shorter wave-
absorption spectra for quinoline and PQ in cyclohexane (Figure lengths for 2H-PQ than for 1H-PQ. These main observations
2), a very good concordance of the peaks positions in the-300 Were later used for the assignment of the specific bands to the
320 nm range can be observed. For quinoline, the matching"eSPective tautomers and the resolution of the measured spectra.
maxima appear for the wavelengthsa(S;) = 305, 311, and The calculations also indicate that the ground-state energy is
319 nm, which differ from the positions of similar peaks in PQ lower for 1H-PQ2® In such a case, the form prevailing in
spectrum by only about 1 nm. This suggests that theshd solution should be 1H-PQ. However, the difference amounts
can be attributed to the — z* transition in the quinoline ring  to only about 8 kcal/mol (3000 cm), and it also enables the
of PQ. The position of the maximum of thg Band flmax(Ss)= 2H-PQ tautomer to be populated in solution, as specific selute
232 nm in cyclohexane] suggests that it might come mainly Solvent interactions can greatly affect the equilibrium of the
from the electronier — * excitation localized on the pyrazole  two tautomeric forms.
rng (dma— 210 nm, data not shown), given that the corre-  The experimental spectra presented in Figures 1 and 2 show
sponding maximum for quinoline is located at much longer that the $ band is most sensitive to the nature of the solvent
wavelength ima= 275 nm). The $band cannot be assigned used. For aliphatic solvents suchrasctane and cyclohexane,
to a localized excitation in any subsystem of PQ); yet, later whose dielectric constants are very similar, very similar spectra
analysis of the influence of solvents on this state shows that should also be expected. Nevertheless, a few significant
the band might, to a large extent, be the result of excitation of differences point to a specific interaction between PQ and
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Figure 3. Comparison of experimental and theoretical electronic absorption spectra of PQ in (A) cyclohexane and (B) methanol. Two tautomeric
forms: 1H-PQ ) and 2H-PQ {- -) were assumed for the calculations.

TABLE 2: Computed Energies (Expressed in Absorption SCHEME 1: Possible Structure of the Hydrogen-Bond
Wavelengths) of Vertical x — &* Transitions and the Complex between PQ and Benzene

Respective Oscillator Strengths for 1H-PQ and 2H-PQ in .

Selected Solvents

cyclohexane n-octane benzene methanol
state A(nm) f  A(m) f A(mm) f A(nm) f
1H-PQ

233.8 1.352 2337 1365 2347 1.191 2322 1.404

236.4 0.166 236.3 0.148 236.7 0.353 236.3 0.066

298.9 0.203 2989 0.201 299.3 0.218 298.4 0.192

360.7 0.071 360.6 0.070 361.3 0.074 362.2 0.066
2H-PQ

2314 0216 2314 0231 231.4 0.139 228.0 0.045

236.3 1.435 236.1 1.417 237.2 1534 2338 1.532

304.7 0.201 304.6 0.198 305.0 0.215 303.3 0.184 .
405.2 0.081 405.1 0081 4058 0085 402.1 0.075 double bonds in the 2H-PQ molecule appear alternately, and

there is no possibility of delocalizing those bonds within the
quinoline ring. Treating that structure formally as a polycyclic

n-octane (vide infra). In benzene, despite the comparable system and comparing it with the (G+CH)-22 molecule, for
dielectric constant, a significant red shift of the vibrational which the absorption band appearsiat 374 nm provides
structure appears with some broadening of the band. Foradditional support for the assignment of the mentioned PQ band
methanol, there is a further red shift and the loss of the (1 = 378 nm) to the 2H-PQ tautomer.
vibrational structure of the band. Also, the observed small red shift of the ISand inn-octane

The S band, regardless of the type of solvent, undergoes compared to the other solvents indicates the presence of the
only slight changes, which suggests an insignificant influence 2H-PQ tatutomer rather than a solvatochromic shift (compare
of the environment on the — x* transition in the quinoline the theoretical spectra in Figure 3). All of the above-mentioned
ring. Similarly, the g bands in the spectra in cyclohexane and conclusions indicate the significant population of the 2H-PQ
methanol are symmetrical and differ only slightly in the position tautomer only im-octane solution, whereas in the other nonpolar
of the maximum (see Figure 1). The spectrum in benzene is solvents (cyclohexane, benzene), the tautomeric equilibrium is
distorted below ca. 280 nm because of the superposition of thestrongly shifted toward 1H-PQ. We proposed to explain this
solvent band in that area. phenomenon by specific P€pctane interactions that stabilize

Interestingly, a considerable asymmetry of the i&nd the 2H-PQ form (vide infra).
appears im-octane solution that might be caused by a different ~ Similarly, the previously mentioned anomalies of the PQ
population of the tautomers compared to the situation in the spectrum in benzene can be explained by the specific selute
other solvents. Taking into account the calculated relative solvent interactions. Thus, broadening of thd&nd in benzene
intensities of the transitions in the; $and (see Figure 3 and  solution compared to the behavior in cyclohexane solution could
Table 2) and comparing them with the measured spectrum, onebe caused by the formation of a hydrogen bond between the
can conclude that the population of 2H-PQ tautomer is larger proton from the NH bond of the pyrazole ring (see Scheme 1)
in n-octane than in the other solvents studied. Yet, the most and the delocalized electrons of the benzene 417§.
pronounced change is observed for theb8nd, for which an Differences in solvent polarities might also partially explain
entirely new band/shoulder appears at 378 nm. This observationthe observations, but theoretical calculations performed for those
is also consistent with the higher population of the 2H-PQ solvents do not sufficiently support the observed shifts. The
tatutomer, for which the sand should be red-shifted compared vibrational structure of the spectrum is not well-resolved in
to that of 1H-PQ (see calculations). Unlike in 1H-PQ form, the benzene solution as a result of hydrogen bonds, which might

LYY LYLY
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. . ) Figure 5. Fluorescence excitation spectra of PQ in cyclohexane
Figure 4. Temperature-dependent electronic absorption spectra of PQ (__ _y ' octane {), benzene+(- +), and methanol- - — - —) for

in n-octane. Inset: One possibteoctane-2H-PQ complex structure. an emission wavelength of 400 nm.
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limit vibrations of the pyrazole ring in PQ molecule. Whereas n-hexane molecules seem to be to too short to effectively
one hydrogen bond affects the vibrational structure in benzenestabilize 2H-PQ. Thus, not only the linear structure but also
solution, in methanol, two bonds might be involved and be the size of the solvent molecules that fits the size of the solute
reflected in the experimental spectrum (see Figure 2). The are important.
postulated hydrogen bonds do not significantly influence the  Other possible mechanisms to explain this phenomenon are
S, band, which was assigned previously to the quinoline less plausible. The tautomeric equilibrium is observed only in
subsystem in the PQ molecule. pure aliphatic solvents; addition of a small amount of methanol
Temperature-Dependent Absorption Spectra.Tempera- (0.1%) to am-octane solution canceled this effect entirely, and
ture-dependent absorption studies performeatattane in the the spectrum became identical to that in methanol. (Note that
range of 283-323 K show that, upon lowering of the temper- addition of water instead of methanol did not cause any changes.
ature, the intensity of the shoulder &t= 378 nm increases It is likely that water molecules are too polar and are therefore
significantly, and the other peaks of the I8and also change  excluded from the solvation of PQ. As a result, they do not
moderately (see Figure 4). The temperature-dependent spectr&ave the opportunity to form hydrogen bonds with PQ.) Thus,
show the thermodynamic equilibrium of only two forms of PQ, any possible traces of polar solventsioctane that could form
as can be concluded from the existence of the isosbestic pointshydrogen bonds and mediate tautomerization should be ruled
In the S band, the intensities of the vibrational progression out. Similarly, if dimers were populated in the system, one
rise as the temperature is decreased, and all of the maxima shifivould expect dependence of the spectra on the concentration
toward lower energies. A small red shift is also observed for and some broadening of the bands, which also did not occur
the § band, accompanied by growth of the shoulder on the (as verified in the 0.0020.1 mM range).
left-hand side of the band (data not shown). Taking into account  Fluorescence Spectra of PQFluorescence spectroscopy was
the above-mentioned observations and the simulated spectra foapplied to further elucidate the system. The fluorescence
both PQ tautomers (see Figure 3 and Table 2), one can concludexcitation spectra were captured for different emission wave-
that the population of the 2H-PQ form (red-shifted spectrum) lengths in the range of 368470 nm and temperatures between
increases as the temperature of the PQ solutiamadctane is 283 and 323 K. For a given solvent, no significant dependence
decreased. of the shape of the spectra on the emission wavelength and
According to theoretical calculations of the ground states of temperature was observed. These observations suggest that the
the PQ tautomers, we should rather observe a counter effect:fluorescence of PQ in solvents around room temperature is due
the population of 1H-PQ should increase with decreasing to excitation of only one tautomeric form. There are no
temperature. The observed inversion might be induced by additional bands in the excitation spectra compared to the
specific solventsolute interactions (see Figure 4, inset) that respective absorption bands, which rules out the formation of
favor the 2H-PQ tautomeric form over 1H-PQ and lead to the dimers or higher aggregates of PQ in its ground state. Selected
formation of a solvent cage around the former molecule. The excitation profiles for various solvents and an emission wave-
rotational mobility of then-octane chains slows as the temper- length of 400 nm are presented in Figure 5. Table 3 summarizes
ature is decreased, and the stabilizing effect increases. As thehe positions of the peaks in both the excitation and emission
temperature is increased, the enhanced mobility-o€tane is spectra of PQ.
sufficient to destroy the weak specific interactions, and the  For n-octane solution, in the temperature range of-2833
previously blocked proton in position N2 becomes free to K, the excitation profiles are in good agreement with the
transfer to the energetically favored position N1. assigned absorption spectrum of the 1H-PQ tautomer: The band
The temperature-dependent absorption studies carried out inat 378 nm assigned previously to 2H-PQ (absorption spectrum)
cyclohexane, benzene, and methanol did not reveal a similardoes not appear in the excitation profile disregarding the
phenomenon, whereas imhexane, a similar effect was ob- temperature and the emission wavelength. This observation can
served, although definitely weaker than thabinctane. These  be explained by the much larger fluorescence quantum yield of
observations support the mentioned hypothesis about thethe 1H-PQ tautomer compared to that of the 2H-PQ tautomer.
stabilization of the 2H-PQ structure by specific interactions with The situation changes dramatically at liquid nitrogen temper-
n-octane molecules. Cyclohexane, despite having a similar ature, 77 K (see Figure 6A). The excitation spectrum measured
dielectric constant, does not have any stabilizing effect, and at this temperature is clearly red-shifted compared to that
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TABLE 3: Peak Positions in the Emission and Excitation Scheme 2, HOMO and LUMO molecular orbitals are presented
Spectra of PQ in Polar and Nonpolar Solvents for the two tautomeric structures of PQ.
cyclohexane n-octane benzene methanol As shown in the scheme, the calculated differences of the
excitation wavelengthsi( nm) respective energies of the ground and excited states of the PQ
(Aem= 400 nm) tatutomers are not large. Calculations by Alkorta and Elgifero
S, 305.8 303.0 307.4 306.4 (DFT with B3LYP/6-31G* basis set) also showed that PQ1 has
312.4 310.0 313.4 313.0 a lower ground-state energy than PQ2, but the energetic
319.0 317.0 320.6 319.6 difference was larger than the value we calculated e#lising
S 336.4 - - - .
346.0 _ _ _ the much larger aug-cc-pVDZ basis set. Apparently, the latter
350.8 349.0 355.4 357.4 calculations are more precise because the separation of the
361.6 360.0 365.0 - ground-state energies of the tautomers must be rather small.
368.6 366.0 371.0 374.2 As evidenced experimentally, even weak interactions of PQ with
emission wavelengths.(nm) solvent molecules (octane) can invert the relative energy levels.
(Aex= 345 nm) In the ground state of 1H-PQ, the electron density in the
367.0 370.0 382.2 385.5 pyrazole ring is localized mainly on the N1 nitrogen atom and
374.5 376.0 394.8 402.0

partially between the C3 and N2 atoms. The HOMO orbitals
of the two tautomers are similar, but the 2H-PQ molecule
contains a very acidic proton (low electron density on the N2
atom), which can be transferred from N2 to N1 with only slight

reorganization of the electron density. Thus, the scheme

387.5 390.0

obtained at room temperature fitting the absorption maxima of
2H-PQ that can be deduced from Figure 4. The band at 378

nm clearly dominates in the excitation spectrum measured atqualitatively supports the observed stability of the 1H-PQ

77 K, suggesting a very high population of the 2H-PQ tatutomer -
at this temperature. The differences observed in the respectivet"j"mtOmer and the possibility of ground-state proton transfer.

emission spectra (see Figure 6B) also support the postulatedr“;%lrgfr}ggzzg] ?ebaf:jvfc; tshpee'cr:ﬁgrlsnz)irz?ttlr?QZtgieF;Q Vgl'tchhs'gl\'llfenlt
presence of the 2H-PQ form in the frozen matrix. The highest- u Inversi » WHICR 1S TiK€ly

: : the case fon-octane.
energy peakiem~ 370 nm), which can be assigned to the® . .
transition of thg 1H-PQ tautomer, diminishes at 77 K, and the Proton transfer between the e>.<C|ted s.tates_ (L.UMO orbitals)
fluorescence from 2H-PQ seems to dominate. Interestingly of the tautomers can be rationalized using similar arguments.

during prolonged irradiation at 77 K, the peak at 370 nm grows, ghe I_‘UMO OT'?"a.'S are s::jnltl)ar, and 'Fhuso,l Ve.?]/ lttle electrop
which might be caused by ESIPT. This can be explained only bensny reﬁosmo_mr:jg wou Wehassocw;llte W'tf prfoton trr]ans %r_
if there is a barrier in the ground state that prevents 1H-PQ etween the excited states. Whereas the transfer from the acidic

from going back to 2H-PQ, which is apparently the most stable '\r']l p.o?tlont'to the '\:ﬁ atolm S?OUIdI be lfavoraplﬁtln s vacuutrhn,
form at low temperature. Nevertheless, precise assignments ofif€ Interactions with solvent molecules might change the
the observed emission bands as well as the noticed photoinduce(g'rectlon of proton ransfer. The calculated energyldlfference
proton transfer require further detailed studies that are beyond etween the excited states is even smaller (10007ztman

the scope of this report. High-resolution fluorescence studies that between the 9“’9"‘?' states (2900 ¢m .
of PQ fluorescence in a Shpolskiimatrix are currently in The present.ed qualitative model aIIowsacoherent explanation
progress. of the experimental results, but further experimental and

For the remaining solvents, the;, &nd § bands in the meoretltc?l tSt(ldeleS _e;_re_r?qmr?_d o ?gdrestshmolre q;Jantlltatl\I/er
excitation spectra undergo virtually no shift compared to the e postulated specific interaction of PQ with solvent molecules

respective absorption spectra. A significant relative intensity and the proposed ESIPT.
change is visible only in the spectrum recorded in benzene. In
the absorption spectrum, the intensity of theb8nd is greater
than that of the Sband (see Figure 1), and the reverse effectis  The tautomerism of the PQ molecule, which transfers a proton
observed in the excitation spectrum (see Figure 5). The drop in between two nitrogen atoms in adjacent positions, has been
fluorescence intensity might suggest competitive processes ofshown and studied for the first time. The phenomenon was
quenching that are much faster in thgtBan the $ state. evidenced only in linear aliphatic solvents (specifically, in

Emission spectra of PQ in benzene and methanol solutionsn-octane), whereas in other hydrophobic media (cyclohexane,
(Figure 7) are red-shifted compared to those measured inbenzene), no effect was observed. The observations were
aliphatic solvents and lack clear vibrational structure. For polar explained by specific solvensolute interactions that lead to
solvents, the Stokes shift is equal to about 800°t@2 nm), the stabilization of the 2H-PQ tautomer, which is not populated
and for nonpolar solvents, it amounts to about 140%(@ nm). in the other solvents.
The insignificant value of the Stokes shift for nonpolar solvents  The tautomeric equilibrium of PQ in-octane was found to
shows that both the dipole moment of the excited state and thebe temperature-dependent on the basis of electronic absorption
changes related to reorganization of the solvent cage afterspectra. Deconvolution of the spectra and assignment of the
excitation are slight. In polar solvents, the formation of hydrogen bands to the respective tautomers was accomplished using
bonds might have significant influence on the wavelength shift quantum-mechanical calculations. The computed excitation
in the emission band. A complete description of the fluorescence energies showed very good agreement with the experimental
response of PQ is the subject of further detailed studies asdata for the most intense bands. Only the calculated energy of
mentioned above. the S band for 2H-PQ did not fit perfectly the experimental

Proton Transfer. On the basis of the performed computa- spectrum because of the applied continuum model, which did
tions, one can explain the observed tautomerization and not take into account specific interactions between solute and
mentioned ESIPT in a qualitative way. solvent molecules.

To a first approximation, the wave functions of the excited  The absorption and emission spectra in benzene were largely
states can be described with single-electron configurations. Inreminiscent of the spectra obtained in methanol despite the very

Conclusions
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SCHEME 2: Energetic Scheme and Visualization of the
HOMOs and LUMOs of 1H-PQ and 2H-PQ in a Vacuum
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The fluorescence spectra of PQ showed that the emission at
room temperature proceeds exclusively from the excited state
of one tautomer, 1H-PQ, even in octane solution where the
population of 2H-PQ in the ground state is significant. This
observation implies the possibility of excited-state proton
transfer (ESIPT) in the studied system. This was also evidenced
by the increase of fluorescence intensity from 1H-PQ* after
irradiation of 2H-PQ, which is the dominant tautomer at 77 K.
The reported unusual photophysical properties of PQ are the
subject of further studies using high-resolution fluorescence
spectroscopy in Shpolskii matrices as well as low-temperature
IR spectroscopy.

Acknowledgment. The authors thank Professor Maria
Nowakowska (Jagiellonian Univeristy) for useful discussions
during the preparation of this article. The computations were
performed at Information Center TASK and Academic Com-
puter Center CYFRONET.

References and Notes

(1) Baraldi, P. G.; Tabrizi, M. A.; Preti, D.; Bovero, A.; Fruttarolo,
F.; Romagnoli, R.; Zaid, N. A.; Moorman, A. R.; Varani, K.; Borea, P. A.
J. Med. Chem2005 48, 5001.
(2) Catarzi, D.; Cecchi, L.; Colotta, V.; Filacchioni, G.; Martini, C.;
Tacchi, P.; Lucacchini, AJ. Med. Chem1995 38, 1330.
(3) Tao, Y. T.; Balasubramaniam, E.; Tomasik, P.; Danel, A.; Jarosz,
B. Chem. Mater2001, 13, 1207.
(4) He, Z.; Milburn, G. H. W.; Danel, A.; Puchala, A.; Tomasik, P.;
Rasala, DJ. Mater. Chem1997, 7, 2323.
(5) Tao, Y. T.; Balasubramaniam, E.; Tomasik, P.; Danel, A.; Jarosz,
B. Appl. Phys. Lett200Q 77, 1575.
(6) Tao, Y. T.; Balasubramaniam, E.; Tomasik, P.; Danel, A.; Jarosz,
B. Chem. Mater2001, 13, 1207.
(7) Sterzel, M. Ph.D. Thesis, Jagiellonian University, Krakow, Poland,
2004.
(8) Nowakowska, M.; Zapotoczny, S.; Sterzel, M.; Kot, EBomac-
romolecules2004 5, 1009.
(9) Kwon, O. H.; Lee, Y. S.; Park, H. J.; Kim, Y.; Jang, D Ahgew.
Chem., Int. Ed2004 43, 5792.
(10) Contreras, J. G.; Madariaga, S.JI.Phys. Org. Chen2003 16,
47.
(11) Rostkowska, H.; Lapinski, L.; Nowak, M. J. Phys. Chen003
107, 804.
(12) Piworski, H.; Stupperich, C.; Hartschuh, A.; Sepiot, J.; Meixner,
A.; Waluk, J.J. Am. Chem. So@005 127, 5302.
(13) Elguero, J.; Katritzky, A. R.; Denisko, O. ¥&dv. Heterocycl. Chem

large difference in the dielectric constants of these solvents. Such2000 76 1.
a 5'm|lar'ty of the Sp.eCtra: n terms of the SPECtral shape and  (14) Pietrzycki, W.; Danel, A.; Tomasik, Bull. Soc. Chim. Belgl994
positions of the maxima, indicates the considerable influence 103 725.

of hydrogen bonds on the spectral properties of PQ in the studied

(15) Gondek, E.; Kasieh J.; Sanetra, A.; Danel, A.; Wista, A.; Kityk,
A. V. Spectrochim. Acta 2004 60, 3101.

solvents. A model system containing a hydrogen bond between (16) Yu, W-S.; Cheng, C.-C.: Cheng, Y.-M.. Wu, P.-C. Song, Y.-H.:
benzene and the PQ molecule was proposed to account for thischi, v.: chou, P.-T.J. Am. Chem. So@003 125 10800.

obse

rvation.

(17) Chattopadhyay, Nnt. J. Mol. Sci.2003 4, 460.



5414 J. Phys. Chem. A, Vol. 111, No. 25, 2007

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;

Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision D.0; Gaussian, Inc.: Pittsburgh, PA, 2003.

(19) Barone, V., Chong, D. P., EdRecent Adances in Density
Functional MethodsWorld Scientific Publishing Co.: Singapore, 1996;
Part I.

Zapotoczny et al.

(20) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, [J. Rhem.
Phys.1998 108, 4439.

(21) Tomasi, JTheor. Chem. Ac2004 112 184.

(22) Paul, S.; Gupta, M.; Gupta, R.; Loupy, Retrahedron Lett2001,
42, 3827.

(23) Rao, C. N. R.Ultra-violet and Visible Spectroscop\Butter-
worths: London, 1975.

(24) Walker, I. C.; Palmer, M. H.; Hubin-Franskin, M. J.; Delwiche, J.
Chem. Phys. LetR003 367, 517.

(25) Katritzky, A. R., Rees, Ch. W., Potts, K. T., E@omprehensie
Heterocyclic ChemistryPergamon Press Ltd., 1984; Vol. 5, No. 4A.

(26) Danel, A.; Zapotoczny, S.; Sterzel, M.; Pilch, M. Mol. Struct.
(THEOCHEM)2004 682 179.

(27) Pejov, L.Int. J. Quant. Chem2003 92, 516.

(28) Stefov, V.; Pejov, L.; Soptrajanov, B. Mol. Struct.2003 649,
231.

(29) Gooijer, C.; Ariese, F.; Hofstraat, J. \®hpolskii Spectroscopy and
Other Site Selection Methgdiohn Wiley & Sons, Inc.: New York, 1999.

(30) Alkorta, I.; Elguero, JJ. Phys. Org. Cherm2005 18, 719



