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The spectral and photophysical behavior of four fluorescent 9-oxo-imidazo[1,2-a]purine derivatives containing
pyridyl, pyridylphenyl, phenyl, and biphenylyl substituents at the C(6) position of the tricyclic skeleton is
described. The studies were performed in several aprotic and protic organic solvents using absorption
spectroscopy as well as steady-state and time-resolved fluorescence spectroscopy. The results are also presented
of TDDFT calculations on singlet-singlet excitation energies and oscillator strengths for two models of 9-oxo-
imidazo[1,2-a]purine, with phenyl or pyridyl substituents, both in the gas phase and in methanol solution.
While the derivatives with aryl substituents did not show any significant dependence of their static and dynamic
fluorescence properties on the nature of the solvent, the compounds containing a pyridine residue exhibited
a remarkable reduction of their fluorescence quantum yields and lifetimes in the alcoholic solutions. The
solute-solvent hydrogen-bonding interaction in the first excited singlet state is responsible for the fast
radiationless decay rates determined for pyridyl- and pyridylphenyl-substituted compounds in protic solvents.
The results of experimental and theoretical studies show that the hydrogen of the alcohols’ hydroxyl group
and the nitrogen atom of the pyridine moiety are involved in the interaction. The fluorescence-quenching
experiments performed for the pyridyl-substituted 9-oxo-imidazo[1,2-a]purine derivative using trifluoroethanol,
methanol, and butanol as quenchers revealed that the quenching efficiencies, expressed by the Stern-Volmer
quenching constants, correlate with the H-bond donating abilities of the alcohols. The quenching is a dynamic
process, and the H-bonded complex formed is nonfluorescent. The experimentally determined and the calculated
values of the dipole moment change associated with the electronic excitation indicate that the excited S1

states of all of the molecules studied in this work have an intramolecular charge-transfer character and that
electronic charge is transferred to the C(6) substituent upon excitation. Thus, the ability of the pyridyl substituent
nitrogen atom to act as an H-bond acceptor in the excited S1 state is enhanced. The 6-pyridyl-9-oxo-imidazo-
[1,2-a]purine presents a novel fluorophore, which, besides its medical applications, may be useful as a sensor
of hydroxyl groups in microorganized systems.

1. Introduction

3,5-Dihydro-9-oxo-imidazo[1,2-a]purine (Chart 1) and other
tautomeric forms of the molecule (3,4-dihydro- and 1,4-
dihydro-) constitute a basic chromophore of several biologically
important molecules.1-4 In particular, the derivative, carrying
the hydroxyethoxymethyl substituent at the N(3) position and
the methyl group at the C(6) (Chart 1), exhibits marked antiviral
activity similar to the guanine-containing drug, acyclovir (ACV,
Chart 1).1 The tricyclic derivative of ACV, containing a phenyl
substituent at the C(6) position (TACV-Ph, Chart 1), exhibits
similar antiviral potential but, in contrast to ACV and the C(6)-
CH3-substituted tricyclic derivative, emits fluorescence at room
temperature.5 A combination of these two features is interesting
from the point of view of the possible applications of the

compound. The intrinsic fluorescence of the bioactive compound
could be useful in medical diagnostics6,7 or employed in the
study of mechanisms responsible for the antiviral activity of
the acyclovir derivatives.8 In searching for the most suitable
compound for such applications, several derivatives based on
the9-oxo-imidazo[1,2-a]purinechromophorehavebeensynthesized.9-12

The compounds contain various substituted benzene and het-
erocyclic rings appended at the C-6 position of their tricyclic
skeleton. To understand the factors that influence their fluo-
rescence behavior, we have initiated a systematic spectral and
photophysical study devoted to this chromophoric system.13

In this paper, we focus on the divergent fluorescence prop-
erties of the four derivatives containing the 9-oxo-imidazo[1,2-
a]purine skeleton. The structures of the compounds are presented
in Chart 1. The compounds denoted TACV-Py and TACV-
Ph-Py contain a pyridine or a phenylpyridine residue, respec-
tively, in the C(6) position of the tricyclic ring, while TACV-Ph
and TACV-Ph-Ph are their hydrocarbon analogues. Prelimi-
nary fluorescence measurements performed in alcohol and aque-
ous solutions indicated that the fluorescence behavior of both
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groups of compounds, with and without the pyridyl substituent,
differed dramatically. The fluorescence of TACV-Py and
TACV-Ph-Py in methanol solution was very weak, and their
room temperature emission was barely detectable in aqueous
solution (φF < 10-4).10 In general, a variety of factors could be
responsible for this dramatically different behavior between
these two groups of compounds. These factors include configu-
rations (π,π* or n,π*) of the fluorescent states, polar-solvent
induced enhancement of nonradiative decay rate, ground- or
excited-state specific solute-solvent interactions (H-bonding),
or excited-state reactions (phototautomerization). The objective
of this work was therefore to reveal the mechanism responsible
for the reduced fluorescence yield determined for the pyridyl-
substituted compounds in hydroxylic solvents relative to that
of the phenyl-substituted ones. The question of why such a small
structural change (introduction of an N into the phenyl sub-
stituent) influences the photophysics of the resulting molecule
was interesting particularly because pyridine-type nitrogens are
already present in the imidazo[1,2-a]purine skeleton (Chart 1)
in all of the compounds studied. In this paper, we present and
discuss the results obtained from absorption spectroscopy,
steady-state, and time-dependent fluorescence measurements. The
investigations were performed in selected protic and aprotic
organic solvents of different polarity as well as in solvent mix-
tures. The selection of solvents was limited due to the insolubil-
ity of the compounds in less polar, aprotic solvents. The
experimental study was supplemented by TDDFT calculations
performed for the molecules TACV-Py′ and TACV-Ph′ (Chart
1), which are models for the molecules studied experimentally.

2. Experimental Section

2.1. Materials. Compounds TACV-Ph,5 TACV-Ph-Ph,5

TACV-Py,10 and TACV-Ph-Py10 were synthesized as de-
scribed previously. The compounds were purified by repeated
crystallization (at least twice) from CH3OH. The pure samples
were dried over P2O5. The purity of the compounds was checked
by HPLC (Waters 600 E) equipped with a Waters 991 Photo-
diode Array absorption detector and a Waters 470 scanning
fluorescence detector. The HPLC analyses were carried out on
a reversed phase column (X-Terra RP18, 3.5µm, 4.5 ×
150 mm) using a CH3CN-0.005 M phosphate buffer (pH 7)
mixture as an eluent. Methanol (99.97% Scharlau), 1-butanol
(99.9% Uvasol), 2,2,2-trifluoroethanol (95% Fluka), acetonitrile
(99.9% Backer), and ethyl acetate (99.8%) were dried with
molecular sieves 3A.

2.2. Instrumentation. UV absorption and steady-state fluo-
rescence spectra were recorded at room temperature in 1 cm×
1 cm quartz cells using a CaryBio spectrophotometer and an
LS 50B Perkin-Elmer spectrofluorimeter, respectively. The
emission spectra were corrected for instrumental distortion. The
samples were excited within their long-wavelength absorption
bands, usually atλmax

A. The absorbance of the samples at their
excitation wavelengths wasA e 0.2 (c e 2 × 10-5 M). The
fluorescence quantum yields were determined using a solution
of quinine sulfate in 0.1 N sulfuric acid as a standard (φF )
0.51).14 Fluorescence decays were obtained using a TCSPC
method. In the nanosecond range, decays were measured with
an IBH Consultants (Glasgow, Scotland) model 5000 fluores-
cence lifetime spectrometer equipped with a NanoLED-17 type
diode (λexc ) 295 nm, fwhm≈ 800 ps) as an excitation source.
The instrument is capable of measuring lifetimes as short as
400 ps. Reconvolution of fluorescence decay curves was
performed using the IBH Consultants Version 4 software. The
measurements of fluorescence decays in the picosecond-time
range were performed on the previously described TCSPC
system.15 The samples were excited at 280 nm. The picosecond
lifetimes were determined as described previously.16-18 The
quality of the fits was judged from theø2 values (ø2 e 1.2) and
the random distribution of weighted residuals. Ludox solutions
were used as the reference for the system response. In TCSPC
measurements, the fluorescence intensity was monitored atλmax

F

unless otherwise stated. Solvents were checked under the
conditions used in the fluorescence decay measurements, and
they were found to exhibit emission small enough to be
disregarded relative to their influence on the lifetimes measured.

2.3.TheoreticalCalculation.Theequilibriumstructuralparam-
eters and energetics of the isolated molecules and their hydro-
gen-bonded complexes were determined using the density
functional theory (DFT) approach, the PBE0 model19 in conjunc-
tion with the one-particle basis set of triple-ú quality 6-311+G-
(2df,2pd).20 To investigate the macroscopic solvent effects, the
DFT calculations were also performed using the conductor
polarizable continuum model (CPCM).21 The electronic excited-
state energies and transition oscillator strengths were determined
using the time-dependent DFT method (TDDFT). The stability
of the computed spectra was checked against changes in the
basis set or in the number of computed roots. The results were
found to be weakly dependent on the basis set. For the first
excited-state S1, which is of main interest here, the PBE0 method
in conjunction with the double-ú basis set 6-31G(d,p) tends to
increase the excitation energies by less than∼0.1 eV (800 cm-1)
for all of the species under consideration. Therefore, none of
the qualitative conclusions of this work depend on the one-
particle basis set used for the DFT calculations. The Gaussian
03 package22 was employed for all of these calculations.

3. Results and Discussion

3.1. Spectroscopy and Photophysics in Pure Solvents.
Absorption spectra of TACV-Py, TACV-Ph-Py, and the
respective phenyl-containing congeners, TACV-Ph and TACV-
Ph-Ph, in methanol are presented in Figure 1. In the spectral
region 230-400 nm, all of the compounds exhibited two intense
absorption bands. Introduction of a nitrogen atom into the phenyl
substituent does not significantly change the shape of the bands,
but it causes a small red shift of the long-wavelength maximum
and a small decrease in its intensity. As compared to TACV-
Py and TACV-Ph, the presence of an additional phenyl ring
in TACV-Ph-Py and TACV-Ph-Ph causes a significant
increase in the intensity of both bands, but the positions of the

CHART 1: Structures of the Compounds
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absorption maxima do not shift significantly. The substituent
effects indicate that the redistribution of electronic charge upon
excitation of the molecules is not confined to the tricyclic
imidazopurine system but that it extends onto the C(6) aryl/
heteroaryl substituent. The location of the long-wavelength
absorption maximum showed a small dependence on solvent
properties (Table 1). The small solvent effects, together with
high intensity of the lowest-energy absorption band (ε g 104

M-1 cm-1), imply that the electronic excitation is of aπ f π*
electronic nature. The absorption spectral data for the com-
pounds studied are presented in Table 1.

The fluorescence spectra of the compounds studied in this
work were each characterized by a single, structureless band in
the 350-650 nm spectral region in all of the solvents used. In
parallel with the UV absorption spectra, the fluorescence
maxima of the compounds containing the pyridyl and py-
ridylphenyl substituents were located, in each solvent, at longer
wavelengths than their aryl analogues. Parameters characterizing
fluorescence spectral properties as well as fluorescence quantum
yields and lifetimes are compiled in Table 1.

The effect of solvent polarity on the location of the
fluorescence maxima was more pronounced than that on the
absorption spectral maxima, and theλmax

F shifts to longer
wavelengths in more polar solvents. Thus, the Stokes shift
increased with solvent polarity, indicating that the molecules
are more polar in their excited states than in their ground states.
Application of the Lippert-Mataga relation23-25 (eq 1) to the
Stokes shift values for TACV-Py and TACV-Ph in nonprotic
solvents gives straight lines (Figure 2).

wheref(D,n) ) [(D - 1)/(2D + 1)] - [(n2 - 1)/(2n2 + 1)], D
and n are, respectively, the relative permittivity (dielectric
constant) and refractive index of the solvents,νA and νF are
wavenumbers (cm-1) of absorption and fluorescence maxima,

respectively,∆µ ) µe - µg is the change in dipole moment of
the molecules in their excited (µe) and in their ground states
(µg), h is Planck’s constant,c is light velocity, anda is the radius
of the cavity occupied by the fluorophore molecules.

The slopes of both linear plots presented in Figure 2 are very
similar, indicating that the dipole moment changes upon
excitation of both molecules into their S1 states are very similar.
The change in the dipole moment following excitation calculated
from the slopes of the solvatochromic plots was found to be
∆µ ) 11.6 D for TACV-Py and∆µ ) 11.4 D for TACV-Ph.
The slope of the linear fit to the TACV-Ph data (Figure 2)
strongly depends on the value of the Stokes shift measured in
CHCl3. When this point was omitted from the least-squares
fitting, the valueµ ) 7.3 D was obtained from the slope (8000
cm-1) of the resulting straight line. In the calculations, the value
of solute radiusa ≈ 0.5 nm derived from molecular volumes22

of TACV-Py′ and TACV-Ph′ was used. The ground and
excited-state dipole moments were also computed at the PBE0/
6-311+G(2df,2pd) level of theory for the model compounds
TACV-Py′ and TACV-Ph′ (see Chart 1). The calculations
yield µg ) 6.3 D andµe ) 21.5 D for TACV-Py′, andµg )
7.4 D andµe ) 17.4 D for TACV-Ph′. The values of∆µ
determined from experimental data and calculations show
reasonable agreement. These results clearly indicate that excita-
tion to the S1 state is associated with significant displacements
of electronic charge. The excited S1 state of both types of
molecules, with and without pyridine residues, has clearly an
intramolecular charge-transfer character (ICT) (see Figure 7 and
discussion below). It should be pointed out that the∆µ values
obtained from experiment are only approximate. The Lippert-
Mataga relation was derived under certain assumptions such as
the molecules being spherical in shape and the ground and
excited-state dipole moments being collinear.23 Neither of these
assumptions was fulfilled in the molecular systems studied in
this work. The shapes of molecules under consideration are
rodlike, and the calculations indicate that the dipole-moment
vectors in the ground S0 state point along the short axis, while
in the excited S1 state the dipole-moment vectors point along
the long axis of the molecule.

Fluorescence quantum yields of the compounds, irrespective
of the nature of the substituents at the C(6) position, were quite
high in the aprotic, less polar solvent EtOAc, particularly in
the cases of TACV-Ph-Ph and TACV-Ph-Py. The values
of φF decrease by a factor< 4 in the more polar CH3CN. In
alcohols,φF values for the compounds TACV-Py and TACV-
Ph-Py differ significantly from those of their hydrocarbon
analogues TACV-Ph and TACV-Ph-Ph. The fluorescence
quantum yields of the pyridyl-substituted compounds decreased
by 2 orders of magnitude in CH3OH as compared to their
corresponding values in CH3CN (Table 1), while theφF values
of TACV-Ph and TACV-Ph-Ph were similar in both solvents.
Methanol (D ) 32.66,26 π* ) 0.6027) and acetonitrile (D )
35.94,26 π* ) 0.7527) are of comparable polarity expressed by
relative permittivity (dielectric constant,D) or π* scale, but only
CH3OH participates in the formation of hydrogen bonds acting
usually as an H donor (R ) 0.6327). Reduction in theφF values
of TACV-Py and TACV-Ph-Py may therefore be related to
a specific solute-solvent interaction (hydrogen bonding) rather
than to solvent polarity. The reduced fluorescence quantum
yields in alcohols due to the specific interactions in the ground
or excited state have been observed in several molecular
systems: anthraquinone,28 aminoanthraquinone,29,30aminofluo-
renone derivatives,31,32 1-hydroxy-9-fluorenone,33 2-amino-7-

Figure 1. UV-vis absorption spectra in CH3OH: (a) of TACV-Py
and TACV-Ph, (b) of TACV-Ph-Py and TACV-Ph-Ph; vertical
lines indicate the predicted (TDDFT) energies of the S0 f S1 transitions
for TACV-Py′ (solid line) and TACV-Ph′ (dotted line).

νA - νF ) [2(∆µ)2/h × c × a3] f(D,n) (1)
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nitrofluorene,34 4-aminophthalimide derivatives,35 and 2-(2′-
pyridyl)indoles.36-38

The experimental fluorescence decays measured at theλmax
F

of each compound in aprotic solvents could be satisfactorily
fitted by monoexponential functions. Moreover, the decays in
CH3CN were confirmed to be single-exponential irrespective
of the detection wavelength (atλmax

F and at the blue and red
edges of the fluorescence bands). The lifetimes determined from
the fitting procedure are listed in Table 1. In alcohols, monoex-
ponential decays were observed exclusively in the case of the
aryl-substituted compounds: TACV-Ph and TACV-Ph-Ph.
The fluorescence decays of pyridyl- and pyridylphenyl-
substituted compounds were fitted to the sum of two exponen-
tials. As an example, the experimental decays of TACV-Ph-
Py in C4H9OH and TACV-Py and TACV-Ph-Py in CH3OH
are presented in Figure 3. In CH3OH solutions, the decay
lifetimes of both components were shorter than the time
resolution of our nanosecond instrument, and, therefore, the
kinetics of the fluorescence decays in this solvent were measured
by picosecond fluorescence spectroscopy. The lifetimes of the
longer-lived species in CH3OH were determined to beτ1 ) 84
ps for TACV-Py andτ1 ) 40 ps for TACV-Ph-Py. The
lifetimes of the short-lived components of both compounds were
similar,τ2 ) 14 ps andτ2 ) 12 ps for TACV-Py and TACV-
Ph, respectively. In C4H9OH the lifetimes of the short-lived

components were in the picosecond range (τ2 e 0.1 ns); the
lifetimes for the longer-lived component wereτ1 ) 0.4 ns and
τ1 ) 0.9 ns, for TACV-Py and TACV-Ph, respectively. In
the biexponential decays the longer-lived component was
dominant atλmax

F (fractional coefficient f > 0.5), but the
contributions of short-lived component increased on the blue

TABLE 1: Absorption and Fluorescence Maxima, Fluorescence Quantum Yields, Lifetimes, Radiative, and Nonradiative Rate
Constants for Compounds TACV-Py, TACV-Ph, TACV-Ph-Py, and TACV-Ph-Py in Selected Solvents

compound solvent λmax
A [nm] λmax

F [nm] φF τ [ns] kF [107 cm-1] kNR [109 cm-1]

TACV-Py EtOAc 325 425 0.18 9.7 1.9 0.09
CH3CN 324 460 0.08 6.2 1.3 0.15
CH3OH 326 435 0.001 0.084a 1.2 11.9
C4H9OH 326 435 0.006 0.4a 1.5 2.5

TACV-Ph EtOAc 310 385 0.25 4.4 5.7 0.17
CH3CNb 309 395 0.17 6.2 2.7 0.13
CH3OHb 308 390 0.14 3.8 3.7 0.23
C4H9OHb 310 368 0.17 3.2 5.3 0.26

TACV-Ph-Py EtOAc 332c 445c 0.40c 6.8 5.9 0.09
CH3CN 325c 482c 0.10c 3.2c 3.1 0.28
CH3OH 327c 480c 0.002 0.040a 5.0 25.0
C4H9OH 325 470 0.04 0.9a 4.4 10.7

TACV-Ph-Ph EtOAc 325 400 0.51 4.3 11.9 0.11
CH3CN 319 423 0.36 6.3 5.7 0.10
CH3OH 319 405 0.48 4.8 10.0 0.11
C4H9OH 320 395 0.34 3.8 8.9 0.17

a Longer-lived component of the biexponential fluorescence decay measured in CH3OH at λF ) 460 nm, in C4H9OH at λF
max; see text.b From

ref 13. c From ref 10.

Figure 2. Solvatochromic plots for TACV-Py and TACV-Ph and
least-squares fits.

Figure 3. The instrumental response function (IRF) and the experi-
mental fluorescence decay traces: (a) of TACV-Ph-Py in C4H9OH
at the blue (λF ) 410 nm, fit: τ1 ) 0.9 ns,f1 ) 0.45; τ2 < 0.1 ns,f2
) 0.55) and the red edge of the fluorescence band (λF ) 500 nm, fit:
τ1 ) 0.9 ns,f1 ) 0.86;τ2 < 0.1 ns,f2 ) 0.14),λexc ) 295 nm; (b) of
TACV-Py and TACV-Ph-Py in CH3OH atλF ) 460 nm (TACV-
Py fit: τ1 ) 84 ps,f1 ) 0.94;τ2 ) 14 ps,f2 ) 0.06; and TACV-Ph-
Py fit: τ1 ) 40 ps,f1 ) 0.51;τ2 ) 12 ps,f2 ) 0.49),λexc ) 280 nm,
at room temperature.
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edge of the band (Figure 3a). The longer-lived components of
the decays were identified as the relaxed excited S1 states of
TACV-Py and TACV-Ph-Py in the alcohol solvents, and
their values are listed in Table 1.

The presence of species with picosecond lifetimes in the
fluorescence decays of TACV-Py and TACV-Ph-Py in
alcohol solutions may be related to specific relaxations of solvent
around the S1 excited fluorophore molecules. This kind of
fluorescence decay kinetics was previously observed for several
molecular systems, in which the excited S1 states have ICT
character. When these molecules are in their excited states, the
alcohol molecules form intermolecular H bonds at the acceptor

sites of solute molecules.39-41 The specific solvation time of
the S1 excited state of the aminofluorenone molecules by CH3-
OH was reported to beτ ) 10 ps.39 The presence of two
fluorescent species in alcoholic solutions of TACV-Py and
TACV-Ph-Py cannot be due to the presence of two species
in their S0 states because the shapes of both fluorescence spectra
and excitation spectra were found to be independent of
wavelength.

The radiative and nonradiative rate constants calculated from
experimental data using the relationskF ) φF/τ andkNR ) (1 -
φF)/τ are included in Table 1. A comparison of thekNR values
in all solvents indicates that the very low fluorescence quantum
yields of TACV-Py and TACV-Ph-Py in alcohols were due
to the radiationless processes being 30-100 times faster in these
solvents. This specific effect of alcohols on the value ofkNR is
indicative of an intermolecular H-bonding interaction in the S1

state as being mainly responsible for the enhanced radiationless
deactivation of the excited states of TACV-Py and TACV-
Ph-Py molecules. The large value ofkNR determined for these
molecules is not related to the energy gap law42 because the
S1-S0 energy difference (∆ES1-S0) expressed by (νA + νF)/2 in
CH3OH solutions is not smaller than that in CH3CN (for
TACV-Py, ∆ES1-S0 ) 26.8 × 103 cm-1 in CH3OH and
∆ES0-S1 ) 26.3 × 103 cm-1 in CH3CN; for TACV-Ph-Py,
∆ES0-S1 ) 25.7× 103 cm-1 in CH3OH and in CH3CN).

In contrast, alcohols do not influence the dynamics of the
excited S1 state decays in the cases of TACV-Ph and TACV-
Ph-Ph. The value ofkNR for TACV-Ph in the protic solvent
(CH3OH) was only 1.8 times higher than in CH3CN, and it was
almost identical in both solvents in the case of TACV-Ph-
Ph. Thus, the crucial role of the nitrogen of the pyridyl
substituent (N(13) in TACV-Py, see Chart 1) in the H-bonding
interactions can be suggested on the basis of a simple consid-
eration of the structure-fluorescence relationship within the
series of the four compounds studied in this work.

3.2. Quenching of TACV-Py Fluorescence by Alcohols.
To obtain information on the nature of the specific interactions
of pyridyl-containing compounds with alcohols, we carried out
a quenching study. Fluorescence of TACV-Py in CH3CN in
the presence of added alcohols 2,2,2-trifluoroethanol (TFE),
CH3OH, and C4H9OH was studied by steady-state and time-
resolved nanosecond spectroscopy. The alcohols chosen as
quenchers differ in their hydrogen-bond donating (R) and
hydrogen-bond accepting abilities (â), characterized by the
parametersR andâ defined by M. J. Kamlet et al.27 Acetonitrile
was the solvent of choice in this study because of the insolubility
of the compound in nonpolar aprotic solvents (alkanes). In
general, addition of alcohols to the solution of TACV-Py
resulted in a reduction of the fluorescence intensity. The spectral
changes observed upon addition of TFE are presented in Figure
4. Methanol and butanol were less effective quenchers because
higher concentrations of the alcohols were required to attain
IF

0/IF ratios comparable to those caused by TFE. Moreover, in
the cases of CH3OH and C4H9OH, reduction in fluorescence
intensities was accompanied by a small red shift of the
fluorescence band maxima. The normalized fluorescence spec-
trum of TACV-Py in the presence of 0.5 M CH3OH was shifted
by ∼5 nm, and the shift was less pronounced in the case of
C4H9OH (∼3 nm).

The decay of the TACV-Py fluorescence in the presence of
TFE ([TFE] e 0.5 M) was monoexponential irrespective of the
monitored wavelength. The lifetimes determined from experi-
mental decay curves were shorter than in pure CH3CN, and their
values gradually decreased with increasing concentrations of

Figure 4. (a) Fluorescence of TACV-Py in CH3CN without and in
the presence of 0.003, 008, 0.014, 0.024, 0.040, 0.060, 0.095, 0.14 M
TFE; (b) normalized fluorescence spectra of TACV-Py without (solid
line) and in the presence of 0.14 M TFE (dotted line); (c) normalized
fluorescence spectra of TACV-Py without (solid line) and in the
presence of 0.5 M CH3OH (dotted line);λexc ) 320 nm.

Figure 5. Experimental fluorescence decays of TACV-Py in CH3-
CN without (0) and in the presence of CH3OH at the concentrations
0.10, 0.20, and 0.37 M and the instrumental response function (dotted
line); λexc ) 295 nm,λF ) 460 nm.

Bioactive 9-Oxo-imidazo[1,2-a]purine Derivatives J. Phys. Chem. A, Vol. 110, No. 38, 200611029



TFE. The single emitting species was ascribed to the excited
S1 state of the free uncomplexed form of TACV-Py in CH3-
CN. The shortening of the lifetime proved that the fluorescence
was quenched in a dynamic process. The kinetics of the TACV-
Py fluorescence decays in the presence of CH3OH and C4H9-
OH were more complex. Several experimental traces measured
at λmax

F, when CH3OH was used as the quencher, are presented
as examples in Figure 5. The decay of the fluorescence measured
at λmax

F could be described by a sum of two exponentials. The
results of fitting to the experimental data obtained by nanosecond
spectroscopy, when CH3OH and C4H9OH were used as quench-
ers, are presented in Table 2. The lifetimeτ1 of the species,
which mainly contributes (f1 > 0.9) to the fluorescence intensity
atλmax

F, is in the nanosecond region. Its lifetime decreased with
increasing alcohol concentrations. This species was, therefore,
identified as the excited S1 state of the non-H-bonded form of
TACV-Py. The lifetimes of the minor components (f2 e 0.05)
of the TACV-Py fluorescence decays in the presence of CH3-
OH and C4H9OH were shorter (τ2 ≈ 0.5 ns). The kinetics of
TACV-Py fluorescence quenching by 0.82 M CH3OH was also
studied at three different emission wavelengths with picosecond
spectroscopy. The analysis of the decays revealed the presence
of three species with lifetimes presented in Table 2. The
contributions of the emissions from the three species to the total
measured intensity depended on the wavelengths, but, at any
of the monitoredλF, the contribution from the emission with
the lifetimeτ1 ) 1.19( 0.02 ns was dominant (f1 > 0.74). The
emission of the species with the lifetimeτ2 ) 2.64( 0.44 ns
was red shifted as compared to the fluorescence of the non-H-

bonded form of TACV-Py in CH3CN (λF ) 430 nm,f2 ) 0.11;
λF ) 480 nm,f2 ) 0.26). It appears that this species could not
be ascribed to the H-bonded complex of TACV-Py and CH3-
OH because its lifetime was significantly (∼30×) longer than
that observed in a solvent of similar polarity (τ ) 0.084 ns in
CH3OH, Table 1).

Apparently, the difference in quenching behavior of TFE and
the remaining alcohols could be related to the possibility of the
latter alcohols to act as H-bond acceptors. In such cases, the
N(5)H of the TACV-Py molecule (Chart 1) and the oxygen
from the alcohols would be involved in the H-bonding interac-
tions. This type of interaction was certainly not responsible for
the fluorescence quenching of pyridyl-containing TACV deriva-
tives discussed in this work, and the dynamic quenching,
observed in CH3OH and C4H9OH, reflects only the interaction
of solute molecules with alcohols acting as H-bond donors. We
observed in preliminary experiments that the addition of
dimethyl sulfoxide ([DMSO]) 0.8 M) did not change the
fluorescence quantum yield (λexc) 320 nm) within experimental
error although the best fit to the experimental decay curve (λexc

) 295 nm, λF ) 460 nm) was obtained assuming a small
contribution (f2 ≈ 0.04) from a second component with a lifetime
τ2 ≈ 1.8 ns in addition to the lifetime of TACV-Py in pure
CH3CN. Dimethyl sulfoxide can act solely as an H-bond
acceptor (â ) 0.76).20 Finally, nonexponential fluorescence
decays in the presence of CH3OH and C4H9OH may reflect the
intervention of ground-state H-bonded complexes of TACV-
Py. As pointed out earlier, the concentrations of the alcohols
used in quenching studies were higher (∼4×) than that of TFE.
Absorption spectroscopy revealed that addition of any of the
alcohols up to a concentration ofc e 0.5 M to the solution of
TACV-Py in CH3CN did not cause changes in the shape and
intensity of the long-wavelength absorption band. At higher
concentrations of the alcohols (c > 1.5 M), a subtle intensity
change was observed. Thus, in the S0 state, the fraction of
TACV-Py molecules intermolecularly bonded to alcohol
molecules is small and/or the H-bonded forms are not distin-
guishable by UV absorption spectroscopy. H-bonded forms
could include bonding at various positions in TACV-Py, that
is, N(1), CdO, N(4), and N(13) (see Chart 1 for atom
numbering). Indeed, the computational results showed that the
UV spectra of the various H-bonded complexes of the TACV-
Py′ molecule did not differ significantly from those of the free,
uncomplexed TACV-Py′ molecule (vide infra). Because static
quenching had only very minor contributions to the total
measured fluorescence quenching of TACV-Py (vide infra) and
because of the complexity of the system (TACV-Py molecule
has several sites that may interact with alcohol molecules), we
did not attempt further to identify the minor emitting species
observed in time-resolved quenching studies.

TABLE 2: Lifetimes a and Fractional Coefficientsb Determined from the Decays of TACV-Py in CH3CN Solution in the
Presence of Alcohols Measured with Nanosecond Fluorescence Spectroscopyc

λF [nm] CH3OH (M) τi [ns] (fi) C4H9OH [M] τi [ns] (fi)

460 0.10 4.0 (0.96)/0.5 (0.04) 0.06 5.2 (0.95)/0.4 (0.05)
460 0.14 3.6 (0.97)/0.6 (0.03) 0.17 4.0 (0.95)/0.6 (0.05)
460 0.20 3.3 (0.93)/0.6 (0.07) 0.29 3.4 (0.94)/0.6 (0.05)
460 0.28 3.0 (0.95)/0.5 (0.05) 0.48 3.0 (0.93)/0.5 (0.07)
460 0.37 2.8 (0.84)/0.6 (0.16) 0.85 2.6 (0.91)/0.4 (0.09)
460 0.50 1.9 (0.93)/0.2 (0.07)
450 0.82 1.32 (0.94)/0.18 (0.06)
450d 0.82 1.21 (0.83)/2.55 (0.12)/0.15 (0.05)
430d 0.82 1.20 (0.79)/2.28 (0.11)/0.13 (0.09)
480d 0.82 1.17 (0.74)/3.08 (0.26)

a τi. b fi. c λexc ) 295 nm.d Measured with picosecond fluorescence spectroscopy,λexc ) 270 nm.

Figure 6. S-V plots for quenching of TACV-Py fluorescence by
alcohols in CH3CN solution.
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To compare the quenching efficiency of the various alcohols,
we used the Stern-Volmer relation,23 and the resulting linear
plots are presented in Figure 6. In the case of TFE, the Stern-
Volmer constantKSV′ derived from the slope of the plotIF

0/IF

versus alcohol concentration was, within experimental error, the
same as theKSV calculated from theτ0/τ versus [alcohol] plot
(Table 3). When CH3OH and C4H9OH were used as quenchers,
the slopes of the plots constructed from the measurement of
the area under the entire fluorescence bands (φ 0/φ) were only
slightly (<10%) higher than that constructed from intensities
at theλmax

F. This indicated that the contribution of emission
from the noncomplexed form of TACV-Py to the total emission
spectrum was predominant and that the quantum yield of any
red shifted emission was low. When lifetimes, attributed to the
S1 excited state of free TACV-Py, were used to construct S-V
plots, the slopes of the resulting lines were not much different
from the slopes of the S-V plots from static measurements
(Figure 6 and Table 3). This indicates that there could only be
a small contribution from static quenching. The efficiency of
quenching determined byKSV showed good correlation with
the parameterR characterizing the hydrogen-bond donating
ability of alcohols. For example, TFE, which has the highest
hydrogen-bonding power, has the largestKSV value. Thus, the
hydrogens of the alcohols’ hydroxy groups participate in the
interactions.

3.3. Results of Calculations.The excitation energies and
oscillator strengths of singlet-singlet electronic transitions were
calculated for the molecules TACV-Py′ and TACV-Ph′ (Chart
1), which are models of the molecules studied experimentally.
These models contain a methyl group instead of a hydroxy-
ethoxymethyl substituent at the N(3) position of the tricyclic

system. The results of calculations at the PBE0/6-311+G(2df,-
2pd) level of theory are presented in Table 4. For TACV-Ph′
in the gas phase, the results of the present calculations are
qualitatively similar to those of previous calculations performed
at the B3LYP/6-31G(d) level.13 However, inclusion of the bulk
solvent effect into the computation provides more reliable
results. As shown in Tables 1 and 4 and Figure 1, the calculated
energy of the S0 f S1 transition for TACV-Ph′ in CH3OH
corresponds almost exactly to the experimentalλmax

A of the
long-wavelength absorption band in the same solvent (λmax

A )
32 360 cm-1), and the experimental absorption maximum of
TACV-Py is shifted by 1460 cm-1 to higher frequencies as
compared to the computed energy of the S0 f S1 transition for
TACV-Py′. For both compounds, the first excited singlet state
hasπ f π* character, and it lies about 11 000 cm-1 below the
lowest energy nf π* transition (TACV-Py′, S0 f S5; TACV-
Ph′, S0 f S7).

To determine the specific (microscopic) solvent effect on the
transition energies and intensities, the calculations were per-
formed for the complexes of a single CH3OH molecule hydrogen
bonded with the solute molecule at the position N-1, N-4, Cd
O, or N-13. The complexes were considered to be either isolated
in a vacuum or embedded in a dielectric continuum mimicking
the bulk properties of the solvent. The results of calculations at
the PBE0/6-311+G(2df,2pd) level are shown in Table 5.
Formation of the hydrogen-bonded complexes at the N(1), Cd
O, and N(4) sites increases the S0 f S1 excitation energy by
about 1000 cm-1 in a vacuum and by 100-700 cm-1 in CH3-
OH solution. In contrast, the S0 f S1 excitation energy for the
TACV-Py′‚‚‚CH3OH complex at the N(13) site is predicted
to be 1210 and 660 cm-1 lower than that for the free TACV-
Py′ molecule in a vacuum and CH3OH solution, respectively.

The calculated relative energies of TACV-Py′ and TACV-
Ph′ complexed at various sites with CH3OH in their ground S0

Figure 7. The shapes of the HOMO and LUMO involved in the S0 f
S1 transition of TACV-Py computed at the PBE0/6-311+G(2df,2pd)
level of theory.

TABLE 3: Stern -Volmer Constantsa,b and Rate Constantsc
for Quenching of TACV-Py Fluorescence by Alcoholsd

alcohol TFE CH3OH C4H9OH

Re 1.51 0.62 0.79
âe 0.00 0.93 0.88
KSV′a 22.0( 0.1 5.1( 0.2 3.8( 0.3
KSV

b 21.4( 0.5 4.5( 0.1 2.9( 0.2
kQ × 10-9 c 4.0 0.8 0.5

a Stern-Volmer constant [M-1] from measurements of the intensities
at λmax

F. b Stern-Volmer constant [M-1] from lifetime measurements.
c Quenching rate constant [M-1 s-1] calculated from lifetime data.d In
CH3CN solution.e From ref 27.

TABLE 4: Calculated (PBE0/6-311+G(2df,2pd)) Excitation
Energies (S0 f Si, in 103 cm-1) and Oscillator Strengths (in
Parentheses) of Vertical Transition for TACV-Ph′ and
TACV -Py′ in a Vacuuma and CH3OH Solution (Including
the Bulk Solvent Effect)

TACV-Ph′ TACV-Py′
in a vacuum in CH3OH in a vacuum in CH3OH

S1 29.92 (0.098) 32.02 (0.225) 27.64 (0.072) 29.21 (0.137)
S2 34.55 (0.010) 36.98 (0.100) 35.00 (0.000) 36.01 (0.389)
S3 37.49 (0.452) 38.01 (0.483) 36.18 (0.056) 37.32 (0.004)
S4 38.70 (0.005) 39.14 (0.357) 36.55 (0.480) 37.57 (0.392)
S5 39.61 (0.489) 40.48 (0.378) 38.92 (0.000)* 39.20 (0.200)
S6 40.43 (0.021) 41.80 (0.008) 39.29 (0.005) 40.49 (0.287)
S7 40.56 (0.016)* 42.24 (0.015) 40.00 (0.382) 41.53 (0.069)

a The n f π* transitions are labeled with an asterisk; the other
transitions are of theπ f π* type.

TABLE 5: Calculated Excitation Energy (S0 f S1, in 103

cm-1) and Oscillator Strength (in Parentheses) of the Lowest
Energy Transition for the Hydrogen-Bonded Complex of
TACV -Ph′ and TACV-Py′ with a CH3OH Molecule in a
Vacuum and CH3OH Solution

complex in a vacuum in CH3OH

TACV-Ph′
N(1)‚‚‚CH3OH 30.86 (0.118) 32.11 (0.249)
CdO‚‚‚CH3OH 30.81 (0.124) 32.09 (0.251)
N(4)‚‚‚CH3OH 30.95 (0.111) 32.52 (0.237)

TACV-Py′
N(1)‚‚‚CH3OH 28.70 (0.082) 29.49 (0.147)
CdO‚‚‚CH3OH 28.56 (0.088) 29.49 (0.157)
N(4)‚‚‚CH3OH 28.77 (0.076) 29.92 (0.142)
N(13)‚‚‚CH3OH 26.43 (0.070) 28.55 (0.134)
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and excited S1 states are presented in Table 6. It is evident that
the solvation effect plays a crucial role in stabilizing the
complex. The complex with CH3OH attached at the N(4) atom
of either TACV-Py′ or TACV-Ph′ is calculated to be the most
stable in a vacuum. In contrast, when the bulk solvent effect is
taken into account, this complex-formation reaction becomes
slightly endoergic. In the ground S0 state of the complexes
solvated in methanol, these are interactions of the CdO group
of TACV-Ph′ and the N(13) atom of TACV-Py′ with CH3-
OH, which lead to the most stable complexes. All but one of
the hydrogen-bonded complexes are destabilized by excitation
to the S1 state regardless of the environment. The complex of
TACV-Py′ with CH3OH attached at the N(13) atom of the
pyridine moiety is predicted to be stabilized by excitation to
the S1 state by 3.5 and 1.9 kcal/mol in a vacuum and CH3OH
solution, respectively.

Changes in the relative energies of the complexes upon
excitation are consistent with the charge-transfer character of
the S1 state. The TDDFT calculations revealed that in the
TACV-Py′ and TACV-Ph′ molecules, the S1 state wave
functions are dominated by the HOMOf LUMO transition.
The shapes of the molecular orbitals involved in this transition
for the TACV-Py′ molecule are shown in Figure 7. The
corresponding molecular orbitals for TACV-Ph′ are similar.
Note that the HOMO and LUMO are localized on different parts
of the TACV-Py′ molecule; the HOMO is on the tricyclic
imidazopurine moiety and the LUMO is on the pyridine ring.
Therefore, the S0 f S1 excitation involves substantial transfer
of the electronic charge from the tricyclic imidazopurine system
to the pyridyl or phenyl substituent. As a result, the N(13) atom
of the TACV-Py′ molecule becomes more negative in the
excited S1 state, thus increasing its hydrogen-bond-acceptor
ability.

4. Conclusion

Both experimental results and quantum-chemical calculations
are consistent and provide an explanation of the different
fluorescence properties of 9-oxo-imidazo[1,2-a]purine deriva-
tives bearing pyridyl or phenyl substituents at the C(6) position.
The S1 state of the molecules TACV-Py and TACV-Ph as
well as those containing pyridylphenyl and biphenylyl substit-
uents, TACV-Ph-Py and TACV-Ph-Ph, has a charge-
transfer character. The dipole-moment changes associated with
the excitation of the molecules are large (∆µ ) 11.6 D for
TACV-Py and∆µ ) 7.3 D for TACV-Ph from experiment;
and∆µ ) 15.2 D for TACV-Py′ and∆µ ) 10.0 D for TACV-
Ph′ from calculations). Upon excitation the electronic charge is
transferred from a tricyclic imidazo[1,2-a]purine system to a

substituent at the C(6) position. Therefore, in the excited S1

state of TACV-Py and TACV-Ph-Py, the negative charge
on the pyridine nitrogen atom increases, enhancing its ability
to participate as an H acceptor in the hydrogen bond. The
intermolecular interaction between the hydroxyl group of the
alcohol and the nitrogen atom of the pyridine moiety in the
excited S1 state of TACV-Py and TACV-Ph-Py leads to an
efficient quenching of fluorescence. Although all of the
molecules studied have other sites in the tricyclic 9-oxo-imidazo-
[1,2-a]purine system that could act as hydrogen-bond acceptors,
their interactions with the alcohol molecules in the excited S1

state are diminished due to the overall reduced electronic charge
on the heterocycles’ tricyclic moiety. Among the compounds
studied in this work, the biphenylyl derivative TACV-Ph-Ph
appears to be the most suitable for biological and medical
applications because it exhibits a strong absorption in the long-
wavelength region (λ > 300 nm), an intense fluorescence
regardless of the medium, and a moderately long lifetime. On
the other hand, molecules have been used as molecular probes
that exhibit fluorescence behavior similar to those of the
compounds containing pyridyl and pyridylphenyl substituents.43-46

Therefore, TACV-Py, TACV-Ph-Py, and other molecules
based on these novel fluorophores may find applications as
sensors of the hydroxyl groups in microenvironments.
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