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The spectral and photophysical behavior of four fluorescent 9-oxo-imidazajfi.2ine 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 singletsinglet excitation energies and oscillator strengths for two models of 9-oxo-
imidazo[1,2a]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-imidazaflprine derivative using trifluoroethanol,
methanol, and butanol as quenchers revealed that the quenching efficiencies, expressed by-theI8tern
guenching 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 S
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 excitexie®e 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 compound. The intrinsic fluorescence of the bioactive compound
could be useful in medical diagnosti¢sor employed in the
study of mechanisms responsible for the antiviral activity of
the acyclovir derivative8.In searching for the most suitable
compound for such applications, several derivatives based on
the 9-oxo-imidazo[1,2Jpurine chromophore have been synthesizéd.

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-

substituent at the C(6) position (TAGWPh, Chart 1), exhibits rescence behavior, we have initiated a systematic spectral and
similar antiviral potential but, in contrast to ACV and the C(6) photophysmal study devoted to th'_s chromophoric system.
CHs-substituted tricyclic derivative, emits fluorescence atroom [N this paper, we focus on the divergent fluorescence prop-

temperaturé.A combination of these two features is interesting €rties of the four derivatives containing the 9-oxo-imidazo[1,2-
from the point of view of the possible applications of the alpurine skeleton. The structures of the compounds are presented

in Chart 1. The compounds denoted TAERY and TAC\-

3,5-Dihydro-9-oxo-imidazo[1,2]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 molecule:* 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)! The tricyclic derivative of ACV, containing a phenyl
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CHART 1: Structures of the Compounds 2.2. Instrumentation. UV absorption and steady-state fluo-

0 o rescence spectra were recorded at room temperature inxl cm
N— o N NN — 1 cm quartz cells using a CaryBio spectrophotometer and an

«3;(‘\/)\/5% (NI;\}_@X LS 50B Perkin-Elmer spectrofluorimeter, respectively. The
g N ,’j 5 N emission spectra were corrected for instrumental distortion. The
3.5.dihydro-9-0x0-  TACV-Ph X = CH. R<h samples were excited within their long-wavelength absorption

imidazo 1,20l TAGV-Ph' X= GH. R = Gty bands, usually atma. The absorbance of the samples at their

purine TACV-Py X=N, R=hem excitation wavelengths wak < 0.2 € < 2 x 10°° M). The

TACV-Py'X=N, R=CH, fluorescence quantum yields were determined using a solution

o ° of quinine sulfate in 0.1 N sulfuric acid as a standagd €
N N 0.51)1* Fluorescence decays were obtained using a TCSPC
¢ I:\ ¢ fimx method. In the nanosecond range, decays were measured with
N7 N7 NHz NS # N 7 an IBH Consultants (Glasgow, Scotland) model 5000 fluores-
R R H cence lifetime spectrometer equipped with a NanoLED-17 type
ACV TACV-Ph-Ph X=CH, R = hem diode @exc = 295 nm, fwhm~ 800 ps) as an excitation source.
TACV-Ph-Ph' X=CH, R =CH, The instrument is capable of measuring lifetimes as short as
mg&gﬂ:gz. N Sjgﬂ: 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
groups of compounds, with and without the pyridyl substituent, systemi The samples were excited at 280 nm. The picosecond
differed dramatically. The fluorescence of TAG¥Wy and lifetimes were determined as described previod%hy® The
TACV_Ph_Py in methanol solution was very Weak, and their qua“ty of the fits was Judged from thé values kz < 12) and
room temperature emission was barely detectable in agueoushe random distribution of weighted residuals. Ludox solutions
solution @ < 107%).1%In general, a variety of factors could be  were used as the reference for the system response. In TCSPC
reSpOﬂSible for this dramatically different behavior between measurements, the fluorescence intensity was monitomt
these two groups of compounds. These factors include configu-ynless otherwise stated. Solvents were checked under the
rations (z,7* or n*) of the fluorescent states, polar-solvent  conditions used in the fluorescence decay measurements, and
induced enhancement of nonradiative decay rate, ground- orthey were found to exhibit emission small enough to be
excited-state specific solutesolvent interactions (H-bonding),  disregarded relative to their influence on the lifetimes measured.
or excited-state reactions (phototautomerization). The objective 5 3 Theoretical Calculation.The equilibrium structural param-
of this work was therefore to reveal the mechanism responsible gtars and energetics of the isolated molecules and their hydro-
for the reduced fluorescence yield determined for the pyridyl- gen-bonded complexes were determined using the density
substituted compounds in hydroxylic solvents relative to that fnctional theory (DFT) approach, the PBEO mé8iiei conjunc-
of the phenyl-substituted ones. The question of why such a smalltiop, with the one-particle basis set of tripleguality 6-31HG-
structural change (introduction of an N into the phenyl sub- (o4t 25)20 To investigate the macroscopic solvent effects, the
stituent) influences the photophysics of the resulting molecule T calculations were also performed using the conductor
was interesting particularly because pyridine-type nitrogens are yo|arizable continuum model (CPCNAThe electronic excited-
already present in the imidazo[1a@purine skeleton (Chart 1) giate energies and transition oscillator strengths were determined
in all of the compounds studied. In this paper, we present and using the time-dependent DFT method (TDDFT). The stability
discuss the results obtained from absorption spectroscopy,of the computed spectra was checked against changes in the
steady-state, and time-dependent fluorescence measurements. Thgss set or in the number of computed roots. The results were
investigations were performed in selected protic and aprotic foynqd to be weakly dependent on the basis set. For the first
organic solvents of different polarity as well as in solvent mix- - axited-state Swhich is of main interest here, the PBEO method
tures. The selection of solvents was limited due to the insolubil- , conjunction with the doublé-basis set 6-31G(d,p) tends to

ity of the compounds in less polar, aprotic solvents. The jncrease the excitation energies by less théinl eV (800 crm?)
experimental study was supplemented by TDDFT calculations oy gl of the species under consideration. Therefore, none of

performed for the molecules TACWY and TACV—PH (Chart the qualitative conclusions of this work depend on the one-
1), which are models for the molecules studied experimentally. particle basis set used for the DFT calculations. The Gaussian

03 packag® was employed for all of these calculations.

hem = CH,OCH,CH,0OH

2. Experimental Section

2.1. Materials. Compounds TACV-Ph? TACV—Ph—Ph?
TACV—Pyl° and TACV—Ph—Py!° were synthesized as de-
scribed previously. The compounds were purified by repeated 3.1. Spectroscopy and Photophysics in Pure Solvents.
crystallization (at least twice) from GH. The pure samples  Absorption spectra of TAC¥Py, TACV—Ph—Py, and the
were dried over FOs. The purity of the compounds was checked respective phenyl-containing congeners, TA€Rh and TAC\-
by HPLC (Waters 600 E) equipped with a Waters 991 Photo- Ph—Ph, in methanol are presented in Figure 1. In the spectral
diode Array absorption detector and a Waters 470 scanningregion 236-400 nm, all of the compounds exhibited two intense
fluorescence detector. The HPLC analyses were carried out onabsorption bands. Introduction of a nitrogen atom into the phenyl
a reversed phase column (X-Terra RP18, arb, 4.5 x substituent does not significantly change the shape of the bands,
150 mm) using a CECN—0.005 M phosphate buffer (pH 7)  but it causes a small red shift of the long-wavelength maximum
mixture as an eluent. Methanol (99.97% Scharlau), 1-butanol and a small decrease in its intensity. As compared to TACV
(99.9% Uvasal), 2,2,2-trifluoroethanol (95% Fluka), acetonitrile Py and TACV-Ph, the presence of an additional phenyl ring
(99.9% Backer), and ethyl acetate (99.8%) were dried with in TACV—Ph-Py and TACVV-Ph—Ph causes a significant
molecular sieves 3A. increase in the intensity of both bands, but the positions of the

3. Results and Discussion
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gty respectively Au = ue — ug is the change in dipole moment of
12 ——TACV-Py [ the molecules in their excitedi) and in their ground states
3] -—- TACV-Ph [ (ug), his Planck’s constant 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 theis States are very similar.
The change in the dipole moment following excitation calculated
from the slopes of the solvatochromic plots was found to be
Au = 11.6 D for TACV—Py andAu = 11.4 D for TACV—Ph.

ex 1074 (M 'em™)
o

250 300 350 400 The slope of the linear fit to the TACVPh data (Figure 2)
e strongly depends on the value of the Stokes shift measured in
1° === TACV-Ph-Ph ¢ CHCls. When this point was omitted from the least-squares

47 /\\\ —— TACV-Ph-Py [ fitting, the valueu = 7.3 D was obtained from the slope (8000
] i \ E cm™) of the resulting straight line. In the calculations, the value
37 / b of solute radius ~ 0.5 nm derived from molecular voluntés
. SN s of TACV—PyY and TACV—PH was used. The ground and
1~ \ i excited-state dipole moments were also computed at the PBEO/
1] \ E 6-311+G(2df,2pd) level of theory for the model compounds
] \ ; TACV—PyY and TACV—PH (see Chart 1). The calculations
o N S yield ug = 6.3 D andue = 21.5 D for TACV—PY, andug =
250 300 350 400 7.4 D andue = 17.4 D for TACV—PH. The values ofAu
Wavelength (nm) determined from experimental data and calculations show
Figure 1. UV—vis absorption spectra in GBH: (a) of TACV—Py reasonable agreement. These results clearly indicate that excita-

and TACV-Ph, (b) of TACV-Ph-Py and TAC\V-Ph—Ph; vertical tion to the S state is associated with significant displacements
lines indicate the predicted (TDDFT) energies of the-§5, transitions  of electronic charge. The excited, State of both types of

for TACV—PY (solid line) and TACV-PH (dotted line). 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 thevalues
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 collin&aXeither of these
assumptions was fulfilled in the molecular systems studied in

high intensity of the lowest-energy absorption baad:( 10* this work. The shapes of molecules under consideration are
M~ cm-1), imply that the electronic excitation is ofa— * rodlike, and the calculations indicate that the dipole-moment

electronic nature. The absorption spectral data for the com- YECIOrs in the groundgSstate point along the short axis, while
pounds studied are presented in Table 1. in the exutgd g state the dipole-moment vectors point along
The fluorescence spectra of the compounds studied in thisthe long axis of the molecule.
work were each characterized by a single, structureless band in  Fluorescence quantum yields of the compounds, irrespective
the 356-650 nm spectral region in all of the solvents used. In of the nature of the substituents at the C(6) position, were quite
parallel with the UV absorption spectra, the fluorescence high in the aprotic, less polar solvent EtOAc, particularly in
maxima of the compounds containing the pyridyl and py- the cases of TAC¥Ph—Ph and TACV-Ph—Py. The values
ridylphenyl substituents were located, in each solvent, at longerof ¢r decrease by a factor 4 in the more polar CECN. In
wavelengths than their aryl analogues. Parameters characterizinglcohols ¢r values for the compounds TACWY and TACV-
fluorescence spectral properties as well as fluorescence quantunPh—Py differ significantly from those of their hydrocarbon
yields and lifetimes are compiled in Table 1. analogues TACWPh and TACV-Ph-Ph. The fluorescence
The effect of solvent polarity on the location of the quantum yields of the pyridyl-substituted compounds decreased
fluorescence maxima was more pronounced than that on theby 2 orders of magnitude in G®H as compared to their
absorption spectral maxima, and tAgad shifts to longer  corresponding values in GBN (Table 1), while thepe values
wavelengths in more polar solvents. Thus, the Stokes shift of TACV—Ph and TACV-Ph—Ph were similar in both solvents.
increased with solvent polarity, indicating that the molecules Methanol D = 32.6626 7* = 0.6(%7) and acetonitrile ) =
are more polar in their excited states than in their ground states.35 9426 7+ = 0.7%7) are of comparable polarity expressed by
Application of the Lippert Mataga relatio?®~>° (eq 1) to the  relative permittivity (dielectric constar) or z* scale, but only
Stokes shift values for TAC¥Py and TACV-Phiin nonprotic  cH,;OH participates in the formation of hydrogen bonds acting

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

solvents gives straight lines (Figure 2). usually as an H donor(= 0.637). Reduction in thepe values
) of TACV—Py and TAC\V-Ph—Py may therefore be related to
vy — v = [2(Au)%h x ¢ x &] f(D,n) (1) a specific solute-solvent interaction (hydrogen bonding) rather

than to solvent polarity. The reduced fluorescence quantum
wheref(D,n) = [(D — 1)/(2D + 1)] — [(n? — 1)/(2n® + 1)], D yields in alcohols due to the specific interactions in the ground
and n are, respectively, the relative permittivity (dielectric or excited state have been observed in several molecular
constant) and refractive index of the solventg,and v¢ are systems: anthraguinod&aminoanthraquinon;3°aminofluo-
wavenumbers (cmt) of absorption and fluorescence maxima, renone derivative!3? 1-hydroxy-9-fluorenoné? 2-amino-7-
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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 Amad® [nM] Amax [NmM] oF 7 [ns] ke [107 cm ] knr [10° cm
TACV—Py EtOAC 325 425 0.18 9.7 1.9 0.09
CHsCN 324 460 0.08 6.2 1.3 0.15
CH;OH 326 435 0.001 0.084 1.2 11.9
C4HOH 326 435 0.006 04 1.5 25
TACV—Ph EtOAC 310 385 0.25 4.4 5.7 0.17
CHZCNP 309 395 0.17 6.2 2.7 0.13
CH;0HP 308 390 0.14 3.8 3.7 0.23
C4H,OHP 310 368 0.17 3.2 5.3 0.26
TACV—Ph—Py EtOAC 332 445 0.40° 6.8 5.9 0.09
CHsCN 325 48Z 0.1C 3.z 3.1 0.28
CH3;OH 32F 480 0.002 0.048 5.0 25.0
C4HOH 325 470 0.04 039 4.4 10.7
TACV—Ph—Ph EtOAC 325 400 0.51 4.3 11.9 0.11
CHsCN 319 423 0.36 6.3 5.7 0.10
CHsOH 319 405 0.48 4.8 10.0 0.11
C4HOH 320 395 0.34 3.8 8.9 0.17

a | onger-lived component of the biexponential fluorescence decay measureck@HCHM AT = 460 nm, in GHoOH at 1. See text? From

ref 13.¢From ref 10.

10000....I....I....I....I....
© TACV-Py slope = (10740  735) cm ™"
* TACV-Ph slope = (10430 x 1668) cm™’'
9000 =
-
S 8000+ o -
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F
[
172}
S
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Figure 2. Solvatochromic plots for TACW¥Py and TACV-Ph and
least-squares fits.

nitrofluorene3* 4-aminophthalimide derivative§, and 2-(2-
pyridyl)indoles36-38

The experimental fluorescence decays measured adfthe
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 (at,o 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: TACWh 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 TAGH—
Py in GHyOH and TACV-Py and TACV\-Ph—Py in CH;OH
are presented in Figure 3. In GBIH solutions, the decay
lifetimes of both components were shorter than the time
resolution of our nanosecond instrument, and, therefore, the

[ TR FEET IR FE AT A AT FENNA AR RN FNR NS ARRTE FNET]

a P | =

10° 4

counts

102 4

10"

time (ns)

104 .-.-I....I----I...-I---.I...-I---.I.---

—— TACV-Py
——— TACV-Ph-Py

counts

T

10°

0 50

time (ps)

Figure 3. The instrumental response function (IRF) and the experi-
mental fluorescence decay traces: (a) of TAGRh—Py in CH,OH

at the blue {F = 410 nm, fit: 7; = 0.9 ns,f; = 0.45;7, < 0.1 ns,f,

= 0.55) and the red edge of the fluorescence bahd=(500 nm, fit:

71 = 0.9 ns,f; = 0.86; 72 < 0.1 ns,f, = 0.14), lexc = 295 nm; (b) of
TACV—Py and TACV-Ph—Py in CHOH atAF = 460 nm (TAC\~

Py fit: 7, = 84 ps,f; = 0.94;7, = 14 ps,f, = 0.06; and TAC\-Ph—

Py fit: 71 = 40 ps,fi = 0.51; 7, = 12 ps,f, = 0.49), Aexc = 280 nm,

at room temperature.

kinetics of the fluorescence decays in this solvent were measured

by picosecond fluorescence spectroscopy. The lifetimes of the
longer-lived species in C#0H were determined to bg = 84

ps for TACV—Py andr; = 40 ps for TACV-Ph—Py. The
lifetimes of the short-lived components of both compounds were
similar, 7, = 14 ps and, = 12 ps for TACV-Py and TAC\-

Ph, respectively. In §450H the lifetimes of the short-lived

components were in the picosecond range< 0.1 ns); the
lifetimes for the longer-lived component were= 0.4 ns and
71 = 0.9 ns, for TACV-Py and TACV~Ph, respectively. In
the biexponential decays the longer-lived component was
dominant atimaf (fractional coefficientf > 0.5), but the
contributions of short-lived component increased on the blue
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Ta sites of solute moleculéd*! The specific solvation time of
2001 the S excited state of the aminofluorenone molecules by-CH

] OH was reported to be = 10 ps3 The presence of two
] fluorescent species in alcoholic solutions of TAERyY and
TACV—Ph—Py cannot be due to the presence of two species
in their § 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 relatidgs= ¢r/r andkyg = (1 —
¢r)lt are included in Table 1. A comparison of thes 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-300 times faster in these
solvents. This specific effect of alcohols on the valudgf is
indicative of an intermolecular H-bonding interaction in the S
state as being mainly responsible for the enhanced radiationless
deactivation of the excited states of TAEYy and TAC\+-
Ph—Py molecules. The large value kfr determined for these
molecules is not related to the energy gap“abecause the
S-S energy differenceAEsi-so) expressed byl + vg)/2 in
CH3OH solutions is not smaller than that in @EN (for
TACV—Py, AEs;-so = 26.8 x 103 cmt in CHzOH and
AEsp-s1 = 26.3 x 10 cm™! in CH3CN; for TACV—Ph—Py,
AEsp-s1 = 25.7 x 10 cmtin CH3OH and in CHCN).

o '45'50' o 550 T o '4g0' o 550 T In contrast, alcohols do not influence the dynamics of the

Figure 4. (a) Fluorescence of TACVPy in CHCN without and in excited § state decays in the cases of T_Ath and_ TACV-

the presence of 0.003, 008, 0.014, 0.024, 0.040, 0.060, 0.095, 0.14 MPh—Ph. The value okyr for TACV—Ph in the protic solvent

TFE; (b) normalized fluorescence spectra of TAERY without (solid (CH30OH) was only 1.8 times higher than in GEN, and it was

line) and in the presence of 0.14 M TFE (dotted line); (c) normalized almost identical in both solvents in the case of TAERh—

fluorescence spectra of TAC—\/Py'without (solid line) and in the Ph. Thus, the crucial role of the nitrogen of the pyridyl

presence of 0.5 M C¥DH (dotted line)ide. = 320 nm. substituent (N(13) in TACVPy, see Chart 1) in the H-bonding
interactions can be suggested on the basis of a simple consid-

] eration of the structurefluorescence relationship within the

series of the four compounds studied in this work.

150
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rrrrr|rrrr|rrrrrrr T |‘|
350 400 450 500 550 600
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10004 3.2. Quenching of TACV—Py Fluorescence by Alcohols.
] To obtain information on the nature of the specific interactions
o of pyridyl-containing compounds with alcohols, we carried out
§ a quenching study. Fluorescence of TAERY in CHCN in
° the presence of added alcohols 2,2,2-trifluoroethanol (TFE),
1004

CH30H, and GHyOH was studied by steady-state and time-
resolved nanosecond spectroscopy. The alcohols chosen as
. qguenchers differ in their hydrogen-bond donating) @nd
| hydrogen-bond accepting abilitie@)( characterized by the
Jﬁ parameters. andg defined by M. J. Kamlet et & Acetonitrile
10— was the solvent of choice in this study because of the insolubility
0 S 10 15 20 25 30 of the compound in nonpolar aprotic solvents (alkanes). In
time (ns) general, addition of alcohols to the solution of TAERy
Figure 5. Experimental fluorescence decays of TAERyY in CHs- resulted in a reduction of the fluorescence intensity. The spectral
CN without (0()1 and in thedprﬁsgnce of G(BI-: at the cor;cent_ratlogs 4changes observed upon addition of TFE are presented in Figure
IQ'lO_’ 0.20Lan 0.37 '\fin the instrumental response function (dotte 4. Methanol and butanol were less effective quenchers because
ine); dexc = 295 nm,A" = 460 nm. ; : . .
higher concentrations of the alcohols were required to attain
edge of the band (Figure 3a) The |0nger-|ived Components of |F0/|F ratios Comparable to those caused by TFE. MoreOVer, in
the decays were identified as the relaxed excitedtates of ~ the cases of CkOH and GHeOH, reduction in fluorescence
TACV—Py and TACV-Ph-Py in the alcohol solvents, and intensities was accompanied by a small red shift of the
their values are listed in Table 1. fluorescence band maxima. The normalized fluorescence spec-
The presence of species with picosecond lifetimes in the trum of TACV—Py in the presence of 0.5 M GBH was shifted
fluorescence decays of TAGWY and TACV-Ph-Py in by ~5 nm, and the shift was less pronounced in the case of
alcohol solutions may be related to specific relaxations of solvent CaHgOH (~3 nm).
around the g excited fluorophore molecules. This kind of The decay of the TACW Py fluorescence in the presence of
fluorescence decay kinetics was previously observed for severalTFE ([TFE] < 0.5 M) was monoexponential irrespective of the
molecular systems, in which the excited Sates have ICT  monitored wavelength. The lifetimes determined from experi-
character. When these molecules are in their excited states, thenental decay curves were shorter than in purg@¥ and their
alcohol molecules form intermolecular H bonds at the acceptor values gradually decreased with increasing concentrations of

IRF

i mm m i = e w2 = S T
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TABLE 2: Lifetimes 2 and Fractional Coefficient® Determined from the Decays of TACV-Py in CH3CN Solution in the
Presence of Alcohols Measured with Nanosecond Fluorescence Spectroséopy

AF [nm] CHsOH (M) 7 [ns] () C4HgOH [M] 7 [ns] ()
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)
450° 0.82 1.21 (0.83)/2.55 (0.12)/0.15 (0.05)
430° 0.82 1.20 (0.79)/2.28 (0.11)/0.13 (0.09)
480° 0.82 1.17 (0.74)/3.08 (0.26)

ag. bfi. ¢ dexe = 295 Nm.¢ Measured with picosecond fluorescence spectroschpy= 270 nm.

e e L bonded form of TACV-Py in CHCN (AF = 430 nm,f, = 0.11;
1 O %1TFE i AF = 480 nm,f, = 0.26). It appears that this species could not
N O m <% TFE [ be ascribed to the H-bonded complex of TAERY and CH-

; OH because its lifetime was significantly80x) longer than
that observed in a solvent of similar polarity € 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-
i tions. This type of interaction was certainly not responsible for
A MBuoH | the fluorescence quenching of pyridyl-containing TACV deriva-
A "xBuOH | tives discussed in this work, and the dynamic quenching,

i observed in CHOH and GHyOH, reflects only the interaction
of solute molecules with alcohols acting as H-bond donors. We

O 1% MeOH
® </t MeOH
e

0.0 o 02 03 04 observed in preliminary experiments that the addition of
dimethyl sulfoxide ([DMSO]= 0.8 M) did not change the
] ] fluorescence quantum yieldd.= 320 nm) within experimental
Figure 6. S—V plots for quenching of TACVY-Py fluorescence by grror although the best fit to the experimental decay cutve (

———
concentration of alcohol (M)

alcohols in CHCN solution. = 295 nm, AF = 460 nm) was obtained assuming a small

contribution {, ~ 0.04) from a second component with a lifetime
72 ~ 1.8 ns in addition to the lifetime of TAC¥Py in pure

CN. The shortening of the lifetime proved that the fluorescence CH,CN. Dimethyl sz%lfo?(|de I So'e'Y as an H-bond
was quenched in a dynamic process. The kinetics of the TACV accepto_r £ = 0.76)= Finally, nonexponential fluorescence
Py fluorescence decays in the presence of @ and GHo- decays in the presence of @BH and GH,OH may reflect the
OH were more complex. Several experimental traces measuredntervention of ground-state H-bonded complexes of TACV
atAmaF, when CHOH was used as the quencher, are presented Py. A; pomted.out ear!ler, the cqncentratlons of the alcohols
as examples in Figure 5. The decay of the fluorescence measure§Sed in quenching studies were highed) than that of TFE.

at Ama could be described by a sum of two exponentials. The Absorption spectroscopy revealed that addition of any of the
results of fitting to the experimental data obtained by nanosecond@/cohols up to a concentration of= 0.5 M to the solution of
spectroscopy, when GBH and GHeOH were used as quench-  TACV—Py in CHCN did not cause changes in the shape and
ers, are presented in Table 2. The lifetimeof the species, ~ intensity of the long-wavelength absorption band. At higher
which mainly contributesf( > 0.9) to the fluorescence intensity ~ concentrations of the alcohols ¢ 1.5 M), a subtle intensity
atAmaf, is in the nanosecond region. Its lifetime decreased with change was observed. Thus, in the sfate, the fraction of
increasing alcohol concentrations. This species was, therefore, TACV—Py molecules intermolecularly bonded to alcohol
identified as the excited;State of the non-H-bonded form of ~mMolecules is small and/or the H-bonded forms are not distin-
TACV —Py. The lifetimes of the minor components £ 0.05) guishable by UV absorption spectroscopy. H-bonded forms
of the TACV—Py fluorescence decays in the presence o§CH could include bonding at various positions in TAEPy, that

OH and GHgOH were shorter, ~ 0.5 ns). The kinetics of IS, N(1), C=0O, N(4), and N(13) (see Chart 1 for atom
TACV —Py fluorescence quenching by 0.82 M &bH was also numbering). Indeed, the computational results showed that the
studied at three different emission wavelengths with picosecond UV spectra of the various H-bonded complexes of the TACV
spectroscopy. The analysis of the decays revealed the presencBY molecule did not differ significantly from those of the free,
of three species with lifetimes presented in Table 2. The uncomplexed TACW-PY molecule (vide infra). Because static
contributions of the emissions from the three species to the totalquenching had only very minor contributions to the total
measured intensity depended on the wavelengths, but, at anymeasured fluorescence quenching of TAERY (vide infra) and

of the monitorediF, the contribution from the emission with  because of the complexity of the system (TAERY molecule
the lifetimer; = 1.194 0.02 ns was dominant;(> 0.74). The has several sites that may interact with alcohol molecules), we
emission of the species with the lifetime = 2.64+ 0.44 ns did not attempt further to identify the minor emitting species
was red shifted as compared to the fluorescence of the non-H-observed in time-resolved quenching studies.

TFE. The single emitting species was ascribed to the excited
S, state of the free uncomplexed form of TAGWPy in CHs-
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Figure 7. The shapes of the HOMO and LUMO involved in the-S
S, transition of TACV-Py computed at the PBE0/6-31G(2df,2pd)
level of theory.

TABLE 3: Stern —Volmer Constants*? and Rate Constant§
for Quenching of TACV —Py Fluorescence by Alcohols

alcohol TFE CHOH C4HOH
o 151 0.62 0.79
pe 0.00 0.93 0.88
Ksy'@ 22.0+0.1 5.1+0.2 3.8£0.3
Ks\? 214405 4.5+0.1 2.9+0.2
ko x 107°¢ 4.0 0.8 0.5

a Stern-Volmer constant [M?] from measurements of the intensities
at Amaf. ? Stern-Volmer constant [M?] from lifetime measurements.
¢ Quenching rate constant [Ms™!] calculated from lifetime daté! In
CHsCN solution.® From ref 27.

To compare the quenching efficiency of the various alcohols,
we used the SteraVolmer relation?® and the resulting linear
plots are presented in Figure 6. In the case of TFE, the Stern
Volmer constanKsy/ derived from the slope of the pldt%I¢
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TABLE 4: Calculated (PBE0/6-311+G(2df,2pd)) Excitation
Energies (3 — S, in 10° cm™1) and Oscillator Strengths (in
Parentheses) of Vertical Transition for TACV—Ph' and
TACV —Py in a Vacuum? and CH3;OH Solution (Including
the Bulk Solvent Effect)

TACV—PH

TACV—Py

in a vacuum

in CHOH

in a vacuum

in CEOH

29.92 (0.098)
34.55 (0.010)
37.49 (0.452)
38.70 (0.005)
39.61 (0.489)
40.43 (0.021)
40.56 (0.016)*

LLPLPLYYY

32.02 (0.225)
36.98 (0.100)
38.01 (0.483)
39.14 (0.357)
40.48 (0.378)
41.80 (0.008)
42.24 (0.015)

27.64 (0.072)
35.00 (0.000)
36.18 (0.056)
36.55 (0.480)
38.92 (0.000)*
39.29 (0.005)
40.00 (0.382)

29.21 (0.137)
36.01 (0.389)
37.32 (0.004)
37.57 (0.392)
39.20 (0.200)
40.49 (0.287)
41.53 (0.069)

aThe n— x* transitions are labeled with an asterisk; the other
transitions are of ther — z* type.

TABLE 5: Calculated Excitation Energy (So — Sy, in 108
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 CH3;0OH Molecule in a
Vacuum and CH;OH Solution

complex in a vacuum in C}OH

TACV—PH

N(1)---CH;OH 30.86 (0.118) 32.11 (0.249)

C=0---CH;OH 30.81 (0.124) 32.09 (0.251)

N(4)---CH;OH 30.95 (0.111) 32.52 (0.237)
TACV—PY

N(1)---CH;OH 28.70 (0.082) 29.49 (0.147)

C=0---CH;OH 28.56 (0.088) 29.49 (0.157)

N(4)---CH;OH 28.77 (0.076) 29.92 (0.142)

N(13)---CHs;OH 26.43 (0.070) 28.55 (0.134)
system. The results of calculations at the PBE0/643&(2df,-

2pd) level of theory are presented in Table 4. For TAGRH

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) levé 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

versus alcohol concentration was, within experimental error, the energy of the §— S; transition for TACV-PH in CH3;OH

same as th&sy calculated from the%z versus [alcohol] plot
(Table 3). When CEDH and GHgOH were used as quenchers,

corresponds almost exactly to the experimeital of the
long-wavelength absorption band in the same solvamntd =

the slopes of the plots constructed from the measurement of32 360 cml), and the experimental absorption maximum of

the area under the entire fluorescence bapd¥#) were only
slightly (<10%) higher than that constructed from intensities
at the Amaf. This indicated that the contribution of emission
from the noncomplexed form of TACYPYy to the total emission

TACV—Py is shifted by 1460 crt to higher frequencies as
compared to the computed energy of the-SS; transition for
TACV—Py. For both compounds, the first excited singlet state
hasst — 7* character, and it lies about 11 000 chbelow the

spectrum was predominant and that the quantum yield of any lowest energy A~ z* transition (TACV—PY, S — Ss; TACV —

red shifted emission was low. When lifetimes, attributed to the
S, excited state of free TACVYPy, were used to constructy
plots, the slopes of the resulting lines were not much different
from the slopes of the -SV 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 bi{sy showed good correlation with
the parametent characterizing the hydrogen-bond donating
ability of alcohols. For example, TFE, which has the highest
hydrogen-bonding power, has the largkst 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 singtesinglet electronic transitions were
calculated for the molecules TACWY 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

PH, S — ).

To determine the specific (microscopic) solvent effect on the

transition energies and intensities, the calculations were per-
formed for the complexes of a single g@BH molecule hydrogen
bonded with the solute molecule at the position N-1, N-# C
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 PBEO0/6-311+G(2df,2pd) level are shown in Table 5.
Formation of the hydrogen-bonded complexes at the N(%), C
O, and N(4) sites increases the-S S; excitation energy by
about 1000 cm! in a vacuum and by 166700 cnt?!in CHz-
OH solution. In contrast, the,S> S; excitation energy for the
TACV—Py---CH3;OH complex at the N(13) site is predicted
to be 1210 and 660 cm lower than that for the free TACY
Py molecule in a vacuum and GBH solution, respectively.

The calculated relative energies of TAGYY and TACV—
PH complexed at various sites with GBH in their ground &
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TABLE 6: Relative Energies® (in kcal/mol) of TACV —Ph
and TACV —Py' Complexed with the CH;OH Molecule in a
Vacuum and CH;OH Solution Calculated for the Ground
(So) and First Excited (S,) States

complex in a vacuum in C}OH
TACV—-PH

N(1)---CHs;OH —6.8~4.1 —0.9/~-0.6

C=0-+-CH3;OH —7.7-5.2 —2.0~1.8

N(4):+-CH;OH —10.57.6 +0.4+1.8
TACV—PY

N(1)---CHs;OH —6.4/-3.4 —1.3~0.5

C=0-+-CH3;OH —7.5-4.9 —2.0~1.2

N(4)-+-CHsOH —10.77.5 +0.6H-2.6

N(13)---CH;OH —6.5/~10.0 —2.8-4.7

2 The difference of the electronic total energies of the complex and
free molecules in their &5, states.

and excited $states are presented in Table 6. It is evident that
the solvation effect plays a crucial role in stabilizing the
complex. The complex with C4#DH 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 groundoState of the complexes
solvated in methanol, these are interactions of tkeOQyroup

of TACV—PH and the N(13) atom of TAC¥PY with CHs-

OH, which lead to the most stable complexes. All but one of

the hydrogen-bonded complexes are destabilized by excitation

to the § state regardless of the environment. The complex of
TACV—PyY with CH3;OH attached at the N(13) atom of the
pyridine moiety is predicted to be stabilized by excitation to
the S state by 3.5 and 1.9 kcal/mol in a vacuum and;OH
solution, respectively.

Changes in the relative energies of the complexes upon

Wenska et al.

substituent at the C(6) position. Therefore, in the excited S
state of TACV-Py and TACVV-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 3 state of TAC\-Py and TACVV-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 S
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 TACWPh—Ph
appears to be the most suitable for biological and medical
applications because it exhibits a strong absorption in the long-
wavelength region A > 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 substituéhts.
Therefore, TAC\*-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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