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án Rimarčíka, Vladimír Lukeš a,∗, Erik Kleina, Anne-Marie Keltererb, Viktor Milatac,
uzana Vreckováa, Vlasta Brezováa

Institute of Physical Chemistry and Chemical Physics, Faculty of Chemical and Food Technology, Slovak University of Technology in Bratislava,
adlinského 9, SK-812 37 Bratislava, Slovak Republic
Institute of Physical and Theoretical Chemistry, Graz University of Technology, Technikerstrasse 4/I, A-8010 Graz, Austria
Institute of Organic Chemistry, Catalysis and Petrochemistry, Faculty of Chemical and Food Technology, Slovak University of Technology in Bratislava,
adlinského 9, SK-812 37 Bratislava, Slovak Republic

r t i c l e i n f o

rticle history:
eceived 7 September 2009
eceived in revised form 26 January 2010
ccepted 8 February 2010
vailable online 16 February 2010

eywords:
luoroquinolones

a b s t r a c t

Presented computational study of 3-substituted 6-fluoro-1,4-dihydro-4-oxoquinoline derivatives con-
firmed the existence of two tautomeric (oxo- and hydroxy-) forms of these molecules originating from
the presence of 4-oxo substitution on quinoline skeleton. The computed singlet excitation energies at
the time-dependent density functional theory (DFT) level and the simulated absorption spectra are in
accordance with the experimental UV/vis spectra measured in aprotic solvents (1,4-dioxane, acetonitrile,
dimethylsulfoxide). Measured spectra indicate the solvent capability to affect the ratio of tautomeric
forms in the solution. Reaction pathways of O2

•− and singlet oxygen (1�g) formation and the energet-
hotosensitive drugs
olecular oxygen

OS
D-DFT
I-CC2

onization potential

ics of these processes were studied using TD-DFT including the solvent effect in terms of polarizable
continuum model. EPR spectroscopy confirmed that photoinduced reactions of 3-substituted 6-fluoro-
1,4-dihydro-4-oxoquinoline derivatives with molecular oxygen lead to O2

•− and singlet oxygen (1�g)
formation.

© 2010 Elsevier B.V. All rights reserved.
lectron affinity
PR

. Introduction

4-Oxoquinolines represent a group of heterocyclic com-

ounds with multispectral biological activity, mainly antibacterial
inhibitors of DNA gyrase, topoisomerase IV), multispectral
ntitumor, coccidiostatic and even antiviral activity [1–4]. Nowa-
ays, fluoro-substituted 4-oxoquinoline-3-carboxylic acids (e.g.

Abbreviations: ACN, acetonitrile; AEA, adiabatic electron affinity; AIP, adia-
atic ionization potential; DMPO, 5,5-dimethyl-1-pyrroline N-oxide; DFT, density
unctional theory; DIOX, 1,4-dioxane; DMSO, dimethylsulfoxide; EPR, electron para-

agnetic resonance; Hfcc, hyperfine coupling constants; HOMO, highest occupied
olecular orbital; HWHH, half-width at half-height; IEF-PCM, integral equation

ormalism polarizable continuum model; LUMO, lowest unoccupied molecular
rbital; PCM, polarizable continuum model; QE, quantum efficiency; RI-CC2,
oupled Cluster Singles and Doubles with Resolution of Identity; ROS, reactive
xygen species; SW, magnetic field sweep width; TD-DFT, time-dependent DFT;
EMPOL, 4-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl; TMP, 4-hydroxy-2,2,6,6-
etramethylpiperidine; UV/vis, ultraviolet/visible; UVA, ultraviolet, A region; VEA,
ertical electron affinity; VIP, vertical ionization potential; ZPE, zero point energy.
∗ Corresponding author. Tel.: +421 2 5932 57 41; fax: +421 2 5292 6032.

E-mail address: vladimir.lukes@stuba.sk (V. Lukeš).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.02.001
norfloxacin, ciprofloxacin, ofloxacin, sparfloxacin, enoxacin) are
applied in the medical care as broad-spectrum antibiotics [2].
Previously it was found that upon UVA irradiation (315–400 nm)
fluoroquinolones induce photosensitized reactions with photo-
toxic and photoallergic responses [5–9]. Consequently, a great
attention was focused on the investigation of their photoinduced
processes [10–23]. The phototoxicity of an individual drug can be
controlled by different mechanisms, and its biologic effects (pho-
totoxic, photomutagenic, photocancerogenic) vary depending on
cell type, drug uptake, tissue, cellular and subcellular localization
[24–26]. According to the literature data the phototoxic reactions
have been classified into four groups [24,25]: (i) the generation
of toxic photoproducts; (ii) direct interaction with DNA; (iii) Type
I photooxidation reactions resulting in the formation of Reactive
Oxygen Species (ROS), e.g. O2

•−, HOO•, H2O2; (iv) Type II photoox-
idation process generating singlet oxygen (1O2). The investigation

of structure–phototoxicity relationship revealed that the photo-
toxic impact of fluoroquinolone derivatives is influenced not only
by the substituent at C8 atom, but also by that at N1 [12,13,27–29]
(Fig. 1). The photoexcitation of 6-monofluoroquinolones in aqueous
solutions resulted in the replacement of fluorine atom by hydroxyl

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:vladimir.lukes@stuba.sk
dx.doi.org/10.1016/j.jphotochem.2010.02.001
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roup via various reaction pathways [10,13–16,19,30,31]. On the
ther hand, defluorination of 6,8-difluoroquinolones via unimolec-
lar fragmentation was proposed [11,12]. Possible photoreactivity
hannels of fluoroquinolone drugs are also discussed in the liter-
ture [9,24,32,33]. The photoinstability of fluoroquinolones upon
VA irradiation often causes the loss of their antimicrobial activity,
ut photoinstability does not necessarily mean phototoxic effect of
rug in vivo [24,33].

UVA exposure of rat liver cells in the presence of lomefloxacin
esulted in DNA damage related to the formation of singlet oxy-
en and hydroxyl radicals, considering both Type I and Type II
hotooxidation processes [24,33]. Previously, Umezawa et al. con-
rmed the photoinduced generation of superoxide radical anion
O2

•−) and 1O2 upon irradiation of fluoroquinolone antibiotics, i.e.
omefloxacin, enoxacin, ofloxacin and ciprofloxacin. Investigated
rugs caused photoinduced DNA strand-breaking dependent on the
inding affinity of fluoroquinolone to DNA [20]. The ability of flu-
roquinolone drugs to produce O2

•− upon irradiation (� > 300 nm)
n dimethylsulfoxide (DMSO) was monitored by EPR spin trap-
ing technique using 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
s the spin trap, and the quantum yield of 1O2 generation was
valuated by luminescence detection at 1270 nm [17,18,34,35].
owever, obtained results did not explain a high phototoxicity of
uoroquinolone derivatives with halogen atom at C8 position [32].
onsequently, the generation of reactive carbene structure after
hotoinduced loss of fluorine atom at C8 was assumed [17].

Theoretical quantum chemical studies of �-conjugated sys-
ems can provide a fundamental understanding and considerable
ontribution to the design of novel molecules with improved
hemical or biological properties. Musa and Eriksson [36] used
ensity functional theory (DFT) approach to study the pho-
odegradation mechanism of diclofenac, the common non-steroid
nti-inflammatory drug. Photoreactivity of diclofenac and products
f its photodegradation were studied at the B3LYP/6-31G(d,p) level
f theory. UV/vis spectra obtained using TD-DFT were in line with
xperimental ones, confirming the method is suitable for theoreti-
al study of similar molecules. Theoretical studies [37,38] employed
emiempirical, ab initio and DFT methods, especially for the optimal
eometries and electronic structures of organic molecules. Among
hem, the DFT approach [39] and its time-dependent (TD) exten-
ion [40,41] for the excited states can be successfully applied for
he investigation of optical and electronic properties of various

olecules.
Our study is focused on the theoretical and experimental inves-

igations of effect of substituent at C3 atom on the electronic spectra
f newly synthesized 3-R-6-fluoro-1,4-dihydro-4-oxoquinoline
erivatives (R = H, COOCH2CH3, COOCH3, CN, COCH3, Fig. 1). The
bility of these fluoroquinolone derivatives to produce ROS (O2

•−

nd 1O2) upon UVA irradiation in the presence of molecular oxygen
as investigated by means of in situ EPR spectroscopy. Theoret-
cal investigations were performed at the DFT level of theory.
or the obtained optimal DFT geometries, the vertical ionization
otentials and electron affinities were calculated. Vertical excited
tate energies were obtained using TD-DFT method. The computa-

ig. 1. Structure, atom numbering and denotation of the investigated fluoro-
uinolone molecules.
hotobiology A: Chemistry 211 (2010) 47–58

tional results were used to interpret experimental UV/vis spectra
measured in aprotic solvents. The physical origin of the lowest
electronic transition was explained using molecular orbital anal-
ysis. Study of energetics of the processes of ROS formation also
represents one of the crucial aims of this work.

2. Calculation and experimental details

2.1. Calculation methods

The electronic ground state geometries of the studied molecules
were optimized at the DFT level of theory employing Becke’s three
parameter hybrid functional using the Lee, Yang and Parr correla-
tion functional for Gaussian 03 (B3LYP) [42]. For solution-phase
calculations the integral equation formalism polarizable contin-
uum model (IEF-PCM) approach was used [43,44]. In general,
the polarizable continuum model offers good accuracy and reli-
ability [45–47]. The method has been widely adopted in recent
years, especially in the description of the thermodynamic char-
acteristics of solvation [48–51]. It also reduces the computational
effort in the study of solvent effects. The calculations were per-
formed using the 6-31+G(d) basis set [52,53] (the energy cut-off
of 4 × 10−3 kJ mol−1 and the final root mean square energy gradi-
ent below 0.04 kJ mol−1 Å−1). The obtained optimal structures were
confirmed by normal mode analysis (no imaginary frequencies for
all optimal geometries). The numerical integration of the DFT func-
tional was performed using default fine integration grid.

On the basis of optimized geometries, the vertical transition
energies and oscillator strengths between the initial and final states
were computed by TD-DFT method in the 6-31+G(d) basis set. To
ensure that the chosen basis set is sufficiently large, for the pris-
tine molecule FQ, the calculation of the vertical transition energies
and oscillator strengths was performed in 6-311++G(2df,2pd) [54],
aug-cc-pVDZ, and aug-cc-pVTZ basis sets [55].

We should note that TD-DFT is known to incorrectly repre-
sent excited states when the electronic excitation corresponds to
the charge transfer between the two rings [56,57]. However, the
investigated 3-substituted 1,4-dihydro-6-fluoro-4-oxoquinoline
derivatives are substituted at benzene moiety only with fluoro-
group at C6, and no electron donor is present. Additionally, the
photochemical experiments were performed in organic solvents
(DMSO and ACN), in which the formation of the intramolecular
charge transfer is not preferred, also when its formation is pos-
sible. Consequently, on the basis of performed experiments and
according the literature data related to other fluoroquinolone drugs
[58–60] it is plausible to assume that the formation of zwitterion
structure including benzene and 4-pyridone moieties, as well as
intramolecular charge transfer between them is not characteris-
tic of studied 3-substituted 6-fluoro-1,4-dihydro-4-oxoquinoline
derivatives. Consequently, the theoretical calculations of these
molecules using TD-B3LYP is adequate for the interpretation
of electronic spectra measured in aprotic organic solvents in
our study. Additionally, TD-B3LYP method for the calculation
of the excited states of quinolones was applied recently in
the study of 1-ethyl-6,8-difluoro-7-(3-methylpiperazin-1-yl)-3-
quinolone-2-carboxylic acid [11].

Besides, we have also calculated TD-PBE0/6-31+G(d) vertical
excitation energies and the oscillator strengths for the studied
molecules in ACN. PBE0 [61] functional was chosen, because it
was reported that this functional is able to provide vertical exci-

tation energies [62] of various small and medium-size molecules
in good agreement with experimental data and more computa-
tionally demanding methods. For the sake of comparison, ab initio
single point benchmark calculations were also performed using the
RI-CC2 (Coupled Cluster Singles and Doubles with Resolution of
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dentity) method [63]. All TD-DFT calculations were done using the
aussian 03 [64] program package. The benchmark RI-CC2 calcu-

ations were performed using Turbomole 5.10 program package
65,66].

.2. Chemicals and reagents

The 3-R-6-fluoro-1,4-dihydro-4-oxoquinoline derivatives, R = H
FQ), COOCH2CH3 (EEFQ), COOCH3 (MEFQ), CN (CNFQ), COCH3,
ACFQ), Fig. 1, were synthesized and purified in our laboratory
s described in [67]. The spin trapping agent, 5,5-dimethyl-1-
yrroline N-oxide (DMPO; Aldrich) was distilled before appli-
ation and stored at −18 ◦C. The production of singlet oxygen
as confirmed by EPR via oxidation of 4-hydroxy-2,2,6,6-

etramethylpiperidine (TMP; Merck-Schuchardt) to paramagnetic
-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl (TEMPOL). The
oncentration of photogenerated paramagnetic species was deter-
ined using solutions of 4-hydroxy-2,2,6,6-tetramethylpiperidine
-oxyl (TEMPOL; Aldrich) as calibration standards. Dimethylsul-

oxide (SeccoSolv® Merck), acetonitrile (SeccoSolv® Merck) and
,4-dioxane (DIOX, Uvasol®, Merck) were used as aprotic solvents.
odium azide (analytical grade, Sigma–Aldrich) was applied as
elective singlet oxygen quencher.

.3. Experimental methods and apparatus

.3.1. UV/vis experiments
UV/vis spectra of the investigated fluoroquinolones in ACN,

MSO and DIOX solvents were recorded using a UV-3600 UV/vis
pectrometer (Shimadzu, Japan) with 1 cm square quartz cell. The
V/vis spectra of fluoroquinolones in ACN in the presence of TMP

identical composition as used in EPR experiments) were measured
sing 0.2 cm quartz cell.

.3.2. EPR in situ photochemical experiments
The formation of paramagnetic intermediates upon UV irra-

iation of fluoroquinolones in DMSO was monitored by EPR
pin trapping technique using DMPO. The photoinduced produc-
ion of singlet oxygen during excitation of fluoroquinolones was

easured in ACN solutions with TMP [68–71]. The solutions of
uoroquinolone derivatives containing DMPO or TMP prepared

mmediately before the EPR measurements were carefully mixed
y a slight air stream and immediately transferred to a small quartz
at cell (WG 808-Q, Wilmad-LabGlass, USA; optical cell length
.04 cm) optimized for the TE102 cavity. The samples were irra-
iated at 295 K directly in the EPR resonator, and EPR spectra
ere recorded in situ. As an irradiation source an HPA 400/30S

amp (400 W, Philips) was used [68]. The UVA irradiance of the UV
amp, 5.5 mW cm−2, within the EPR cavity was determined using

UVX radiometer (UVP, USA). The concentration of photogener-
ted paramagnetic species was evaluated from double-integrated
PR spectra using the calibration curve obtained by EPR spectra of
EMPOL.

Typical EPR spectrometer settings in a standard photochemi-
al experiment were: microwave frequency, 9.44 GHz; microwave
ower, 10.03 mW; center field, 335.0 mT; sweep width, 10 mT;
ain, 5 × 105; modulation amplitude, 0.05–0.1 mT; scan, 20.97 or
1.94 s; time delay, 1.03 or 3.06 s; time constant, 5.12 or 20.48 ms.
he g-values were determined with an uncertainty of ±0.0001
y simultaneous measurement of a reference standard contain-
ng DPPH. Detected EPR spectra were analyzed and simulated by
he Bruker software WinEPR and SimFonia and the Winsim2002
oftware free available from the website of National Institute of
nvironmental Health Sciences (NIEHS) (http://epr.niehs.nih.gov/)
72].
Fig. 2. Differences between the ZPE corrected B3LYP total energies of hydroxy and
oxo forms of the investigated fluoroquinolone derivatives in the gas phase and
aprotic solvents.

3. Results and discussion

3.1. Optimized geometries

The investigated fluoroquinolones exhibit two types of struc-
tural forms [73,74]. The first, original structure, represents the
oxo-tautomer, while the second, hydroxy-tautomer, is the result
of 1,5-hydrogen shift from N1 atom to oxygen in position 4 (Eq.
(1)).

(1)

Gas-phase B3LYP/6-31+G(d) calculations with inclusion of the
Zero Point Energy (ZPE) corrections indicate that the hydroxy-
tautomer is preferred in the case of EEFQ, MEFQ and ACFQ
molecules as shown in Fig. 2. The presence of hydrogen intramolec-
ular interaction between the OH group and oxygen atom of the
neighboring substituent R stabilizes this structure by approxi-
mately 13 kJ mol−1. Solution-phase calculations using the IEF-PCM
method showed that a solvent has a dramatic influence on the
population of oxo-tautomers in the solution. Although the energy
differences between the oxo- and hydroxy-tautomers of studied
molecules are very small (from 0.1 to 0.8 kJ mol−1) in the two inves-
tigated solvents, in DMSO the oxo-tautomer is slightly preferred in
comparison to ACN.

According to the atom numbering in Fig. 1, the optimal gas phase
bond lengths in rings are compiled in supplement Table S1. Signif-
icant differences between the two tautomeric forms are found for
the bond N1–C2, C2–C3, C3–C4 and C9–C10 lengths. These changes
are related to the aromatic character of the hydroxy-tautomer ring.
The substituents affect the C2–C3 and C3–C4 bonds significantly
(bonds in the vicinity of the substituent). Consequently, these bonds
are elongated for both molecular forms with respect to the pris-
tine FQ molecule and the changes found are in the 0.013–0.017 Å
range. These elongations are compensated with the shortening of
the C9–C10 bonds of the quinolone skeleton; for the oxo-tautomer,
these changes are up to 0.105 Å. The effect of the substituent is also

observed for the C4 O and C4–O bonds. Values in Table S1 indi-
cate that COOR (EEFQ and MEFQ) and cyano (CNFQ) groups cause
a shortening of the C4 O or C4–O bonds in the two investigated
forms.

http://epr.niehs.nih.gov/
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Table 1
TD-DFT and RI-CC2 singlet excitation energies (in eV) and oscillator strengths (f) of the first three dominant electronically excited states E(Si), i = 1–3.

Environment Derivative

FQ EEFQ MEFQ CNFQ ACFQ

Oxo-form
Gas phase 4.05 (0.105)a 4.13 (0.093)a 4.13 (0.094)a 4.06 (0.094)a 4.09 (0.124)b

4.68 (0.049) 4.31 (0.187) 4.31 (0.183) 4.37 (0.153) 4.18 (0.151)
5.37 (0.169) 5.14 (0.098) 5.15 (0.094) 5.06 (0.137) 5.06 (0.092)

Gas phase, RI-CC2 4.14 (0.153) 4.24 (0.119) 4.25 (0.119) 4.22 (0.135) 4.22 (0.127)
4.90 (0.108) 4.54 (0.277) 4.54 (0.274) 4.62 (0.234) 4.39 (0.271)
5.59 (0.136) 5.51 (0.128) 5.52 (0.129) 5.51 (0.069) 5.42 (0.105)

DMSO 4.00 (0.163) 4.12 (0.096)a 4.13 (0.095)a 4.10 (0.113) 4.01 (0.268)a

4.62 (0.038) 4.21 (0.300) 4.22 (0.294) 4.29 (0.231) 4.12 (0.125)
5.18 (0.140) 5.07 (0.271) 5.07 (0.280) 5.05 (0.380) 4.97 (0.166)

ACN 4.02 (0.150) 4.13 (0.087)a 4.14 (0.086)a 4.11 (0.103) 4.02 (0.260)b

4.63 (0.034) 4.22 (0.280) 4.23 (0.276) 4.30 (0.210) 4.13 (0.115)
5.19 (0.101) 5.08 (0.247) 5.08 (0.252) 5.06 (0.347) 4.97 (0.151)

Hydroxy-form
Gas phase 4.30 (0.062) 3.92 (0.046) 3.91 (0.047) 4.05 (0.042) 3.69 (0.057)

5.58 (0.037) 5.20 (0.920) 5.20 (0.903) 5.31 (0.636) 4.94 (0.651)
5.80 (0.952) 5.35 (0.124) 5.35 (0.124) 5.50 (0.464) 5.13 (0.166)

Gas phase, RI-CC2 4.96 (0.107) 4.15 (0.038) 4.15 (0.040) 4.24 (0.029) 4.10 (0.037)
6.08 (0.928) 4.92 (0.072) 4.92 (0.075) 4.89 (0.066) 4.91 (0.141)
6.22 (0.242) 5.53 (0.862) 5.53 (0.845) 5.73 (1.001) 5.43 (0.793)

DMSO 4.27 (0.111) 3.93 (0.073) 3.92 (0.075) 4.01 (0.072) 3.69 (0.086)
5.48 (0.387) 5.04 (1.283) 5.04 (1.271) 5.14 (1.301) 4.82 (0.985)
5.57 (0.796) 5.47 (0.133) 5.46 (0.128) 5.37 (0.135) 5.10 (0.076)

ACN 4.28 (0.102) 3.94 (0.066) 3.93 (0.068) 4.02 (0.066) 3.70 (0.079)
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5.49 (0.184) 5.07 (1.223)
5.60 (0.940) 5.48 (0.121)

a The first relevant singlet excited state is S2 state.
b The first relevant singlet excited state is S3 state.

.2. Spectroscopic properties

The structural changes induced by the studied electron-
ithdrawing groups are also reflected in the vertically excited

inglet electronic states. The first three vertical excitation energies
ith non-negligible oscillator strengths (f > 0.03) are summarized

n Table 1. In the case of hydroxy-tautomers of studied quinolones,
n all environments the lowest excited state S1 has non-negligible
scillator strength. Calculated excitation energies lie in the range
rom 3.69 to 4.30 eV. In oxo-tautomers, the majority of first relevant
inglet excited states is the S2 state. For ACFQ we found that first
elevant singlet excited state in gas phase and ACN solution is the
3 state (Table 1). However all these values are in narrow interval
rom 4.00 to 4.25 eV.

If we compare the first TD-DFT excitation energy for the oxo-
automers in the gas phase, the pristine molecule FQ has the
owest value. Substitution leads to the increase in excitation energy
y 0.08 eV for EFFQ. On the other hand, substitutions in the
ydroxy-tautomers induce the opposite effect. The addition of
lectron-withdrawing groups (except for CN group) allowing the
ormation of hydrogen bonds between the O–H groups leads to

decrease in the first excitation energy. The maximal decrease,
.38 eV, is predicted for the EEFQ molecule. The effect of substitu-
ion is also apparent for the second and third relevant excitation
nergies. For both molecular forms, these energies are significantly
loser to the first transition in comparison to the non-substituted
Q molecule. Confrontation with reference ab initio calculation
esults for gas-phase shows that the RI-CC2 gives higher excita-

ion energies than TD-DFT but the overall trends are similar. If we
ompare the excitation energies obtained using the IEF-PCM model,
hese are shifted by 0.05–0.03 eV with respect to the gas phase. The
resence of the solvent causes small changes in oscillator strengths
Table 1), too.
5.07 (1.212) 5.18 (1.204) 4.85 (0.930)
5.47 (0.116) 5.38 (0.173) 5.11 (0.085)

For all studied molecules in the two forms, the first lowest
energy transitions are connected with the electron excitation from
the highest occupied (HOMO) to the lowest unoccupied (LUMO)
molecular orbital. The shape of orbitals is practically identical in
all molecules, i.e. independent on the substituent. The HOMO and
LUMO orbitals are delocalized over the molecule (see supplement
Fig. S1 for FQ molecule). The HOMO–LUMO excitation has �–�*
character and includes electron transfer from the fluorine atom
towards the �-system. In both forms it also includes the transfer
from oxygen atom.

Table 2 presents three lowest vertical triplet excitation energies
of studied molecules in the gas- and solution-phase obtained from
TD-DFT calculations. The data in Table 2 evidence that the environ-
ment has a negligible effect on the first excited triplet, T1, state.
For all molecules, T1 vertical excitation energies are lower for the
hydroxy-tautomers. Values in Table 2 also reveal that there is no
substantial difference between T1 vertical excitation energies of the
individual molecules under study.

Sufficient energy gap between the first and second excited
triplet state enables to restrict our considerations for the thermo-
dynamics of ROS formation (see Section 3.4) to the first excited
triplet state T1.

The experimental UV/vis spectra of the investigated fluoro-
quinolone derivatives in ACN (dielectric constant 37.5; 20 ◦C),
along with their simulated TD-DFT B3LYP/6-31+G(d) theoretical
electron absorption spectra of oxo- and hydroxy-tautomers are
shown in Fig. 3. Theoretical spectra of the oxo- and hydroxy-
tautomer were constructed from the first 15 vertical excitations

and their transition dipole moments using the program Orca Asa
[75,76], a general efficient quantum chemical method for predicting
absorption bandshapes, resonance Raman spectra and excitation
profiles for larger molecules. Gaussian broadening with HWHH
of 1500 cm−1 was used. The resulting intensity of the hydroxy-
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Table 2
Three lowest TD-DFT triplet excitation energies, E(Ti)/eV, i = 1–3.

Environment Derivative

FQ EEFQ MEFQ CNFQ ACFQ

Oxo-form
Gas phase 2.90 3.07 3.07 2.96 3.03

3.32 3.27 3.27 3.33 3.25
3.50 3.35 3.35 3.41 3.35

DMSO 2.89 3.11 3.12 3.07 3.12
3.59 3.37 3.37 3.39 3.19
3.74 3.57 3.54 3.67 3.55

ACN 2.89 3.11 3.12 3.07 3.12
3.59 3.37 3.37 3.39 3.19
3.73 3.57 3.53 3.67 3.55

Hydroxy-form
Gas phase 2.82 2.79 2.79 2.76 2.74

3.96 3.54 3.53 3.66 3.26
4.05 3.77 3.77 3.74 3.44

DMSO 2.83 2.81 2.81 2.79 2.74
3.98 3.57 3.56 3.65 3.36
4.07 3.79 3.79 3.77 3.60

ACN 2.83 2.81 2.81 2.79 2.74
3.98 3.57 3.56 3.65 3.36
4.07 3.79 3.79 3.77 3.60

Fig. 3. Experimental UV/vis spectra of studied molecules in ACN. The simulated
TD-DFT(IF-PCM=ACN)/6-31+G(d) spectra of studied molecules in oxo- and hydroxy-
form. Theoretical absorption intensities (right y-axis) are in arbitrary units (a.u.).
Fig. 4. Experimental UV/vis spectra of studied molecules in ACN, DMSO and DIOX.

tautomer has been divided by a factor of 2 to compare the intensity
of the first excitation on molecule FQ with the experimental
spectrum. Besides, the UV/vis spectra measured in ACN, DMSO
(dielectric constant 47; 20 ◦C) and DIOX (dielectric constant 2.21;
20 ◦C) are depicted in Fig. 4. The characteristic UV/vis absorptions of
investigated fluoroquinolone derivatives in ACN, DMSO and DIOX
solvents extracted from experimental spectra are summarized in
Table 3.

According to the literature data oxo-tautomer represents the
preferred structure of 4-oxoquinoline molecule in polar solvents
and crystalline state. The decrease in solvent polarity causes an
increase in hydroxy-tautomer concentration [73,77–80]. How-
ever, the hydroxy-tautomer can be stabilized also in polar media
when hydrogen bond acceptors are present at position 3 of 4-
oxoquinoline skeleton [67]. It is well known that experimental
UV/vis spectra of 4-hydroxyquinolines show intensive absorption
in the spectral region 260–290 nm (4.77–4.28 eV), and only neg-
ligible absorption in the region 310–360 nm (4.0–3.44 eV) can be
found [81].

Our UV/vis spectra of fluoroquinolone derivatives obtained
in ACN are in good accordance with the coincident presence of
oxo- and hydroxy-tautomers. This conclusion is also supported
with spectra calculations, despite of hypsochromic shifts observed
for calculated absorption bands using TD-DFT B3LYP/6-31+G(d)
method (Fig. 3). The first band splitting-off in the UV/vis spectrum of

FQ represents an often observed behavior of such quinoline com-
pounds [14,82,83] and it can be assigned mainly to C–C and C–N
skeleton vibrations of the quinolone moiety. The B3LYP/6-31+G(d)
normal modes of the C–C vibrations were found around 1223 and
1397 cm−1, while the in-plane skeleton vibrations including the NH
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Table 3
Characteristic UV/vis absorptions of investigated fluoroquinolone derivatives in aprotic solvents with the corresponding values of molar absorption coefficients.

Derivative Environment

ACN DMSO DIOX

Emax, eV εmax, M−1 cm−1 Emax, eV εmax, M−1 cm−1 Emax, eV εmax, M−1 cm−1

FQ

6.08 28 700 – – – –
5.25 13 800 – – – –
4.53 2900 4.46 3000 4.51 3200
4.35 3400 4.28 3400 4.35 3600
3.85 9100 3.82 8400 3.83 9100
3.68 9300 3.63 8600 3.66 9300

EEFQ

5.93 29 000 – – 4.86 3500
5.00 12 600 – – 4.48 2600
4.86 10 500 – – 4.34 2500
4.12 9000 4.11 12 500 4.13 2100
3.96 9050 3.94 11 800 3.92 2200
3.78 6500 3.75 7900 3.76 1800

MEFQ

– – – – 4.86 6700
5.93 39 800 – – 4.46 5000
4.86 12 700 4.32 5200
4.64 14 900 4.09 9000 4.13 5200
3.94 12 600 3.91 8600 3.94 5300
3.73 8600 3.75 5800 3.76 4100

CNFQ

5.91 27 500 – – – –
5.00 8100 – – 4.86 4500
4.88 9800 4.09 9900 4.13 6300
3.95 10 200 3.91 11 000 3.91 7300
3.78 8200 3.72 8500 3.75 6300

5.88 21 200 – – – –

g
s
a
p

s
g
w
s
C

T
V

ACFQ
4.92 9300 –
4.79 9500 –
3.94 10 800 3.91
3.77 8750 3.73

roup lie at 1548, 1597, 1616 and 1670 cm−1. Taking into account a
caling factor of ∼0.96 for the B3LYP/6-31+G(d) method, this data
grees with the experimental splitting-off (approx. 0.17 eV) for the
ristine molecule FQ well.

Replacement of ACN by more polar DMSO solvent caused only
mall variations in the UV/vis absorption characteristics of investi-

ated fluoroquinolones (Table 3). However, when UV/vis spectra
ere measured in DIOX representing non-polar aprotic solvent,

ignificant changes were observed especially for EEFQ, MEFQ and
NFQ derivatives, reflecting the increase of hydroxy-tautomer

able 4
ertical electron affinities (VEA) and vertical ionization potentials (VIP) in eV of the studi

Environment Gas phase DMSOa

Derivative FQ EEFQ MEFQ CNFQ ACFQ FQ EEFQ

Oxo-form
VEA(S0) 0.08 0.29 0.31 0.67 0.33 1.91 1.98
VEA(T1)b 2.98 3.36 3.38 3.63 3.36 4.80 5.09
VEA(S1)c 4.12 4.42 4.44 4.74 4.42 5.91 6.10
VIP(S0) 8.07 8.20 8.24 8.53 8.32 6.05 6.30
VIP(T1)d 5.17 5.13 5.17 5.57 5.29 3.16 3.19
VIP(S1)e 4.02 4.07 4.10 4.47 4.23 2.05 2.18

Hydroxy-form
VEA(S0) 0.02 0.61 0.65 0.86 0.26 1.85 2.36
VEA(T1)b 2.84 3.40 3.44 3.62 3.00 4.68 5.17
VEA(S1)c 4.32 4.53 4.55 4.91 3.94 6.12 6.29
VIP(S0) 8.31 8.37 8.42 8.80 9.09 6.30 6.58
VIP(T1)d 5.49 5.58 5.63 6.04 6.35 3.47 3.77
VIP(S1)e 4.01 4.45 4.51 4.75 5.40 2.03 2.65

a In solution-phase VIPs and VEAs the energy of electron solvation is not included. Its i
b VEA(T1) = VEA(S0) + 3E0–0.
c VEA(S1) = VEA(S0) + 1E0–0.
d VIP(T1) = VIP(S0) − 3E0–0.
e VIP(S1) = VIP(S0) − 1E0–0.
– – –
– 4.79 8500
11 200 3.91 11 000
9500 3.76 9300

concentrations (Fig. 4 and Table 3). Comparison of experimental
solution-phase spectra with theoretical spectra of the two tau-
tomeric forms gives evidence that in solutions studied quinolones
are present in both forms.

TD-B3LYP/6-311++G(2df,2pd) vertical excitation energies for
FQ molecule were slightly lower than the values obtained for the

6-31+G(d) basis set. It indicates that the larger size of employed
basis set does not influence vertical excitation energies signif-
icantly. Similar results were obtained using aug-cc-pVDZ, and
aug-cc-pVTZ basis sets. Using the TD-PBE0/6-31+G(d) approach

ed molecules for S0, T1 and S1 states.

ACNa

MEFQ CNFQ ACFQ FQ EEFQ MEFQ CNFQ ACFQ

2.02 2.18 2.03 1.48 2.04 2.00 2.17 2.02
5.14 5.25 5.15 4.37 5.15 5.12 5.24 5.14
6.15 6.29 6.04 5.51 6.17 6.14 6.29 6.04
6.35 6.46 6.34 6.67 6.89 6.36 6.47 6.35
3.23 3.39 3.22 3.78 3.78 3.24 3.40 3.23
2.22 2.36 2.34 2.65 2.76 2.22 2.36 2.33

2.37 2.41 2.59 2.25 2.27 2.36 2.40 2.58
5.18 5.20 5.33 5.08 5.08 5.17 5.19 5.32
6.29 6.43 6.28 6.53 6.21 6.29 6.42 6.28
6.58 6.67 6.58 5.71 6.01 6.59 6.68 6.59
3.77 3.88 3.84 2.88 3.20 3.78 3.89 3.85
2.66 2.66 2.89 1.43 2.07 2.66 2.66 2.89

nclusion lowers VIP and VEA values by 0.84 eV in DMSO and by 0.95 eV in ACN.
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Table 5
Computed lowest singlet excitation energies ES,1(O2)a, ES,2(O2)b and one-electron
properties of molecular oxygen in vacuum, DMSO and ACN. All values are in eV.

Environment ES,1(O2) ES,2(O2) VIP(O2) AIP(O2) VEA(O2) AEA(O2)

Vacuum 1.07 1.67
11.48

12.63
1.76

0.59
0.98c 1.64c 12.07c 0.45d

DMSO 1.06 1.64 7.94 9.11 4.98 3.83
ACN 1.06 1.64 7.96 9.13 4.96 3.81

a 3˙− → 1� excitation.
J. Rimarčík et al. / Journal of Photochemistry

e obtained vertical excitation energies of studied molecules in
CN in better agreement with experimental spectra in compari-
on to TD-B3LYP/6-31+G(d) results. PBE0 excitation energies are by
.1–0.25 eV higher than B3LYP ones. However, the shape and trends

n the obtained spectra are analogous for the two functionals.
Obtained results show that in studied solvents both forms

f studied quinolones are simultaneously present. However, the
olvent is able to modify the ratio between oxo- and hydroxy-
automer concentrations.

.3. Ionization potentials and electron affinities of quinolones in
round and excited states

Vertical ionization potentials (VIPs) of studied molecules in oxo-
nd hydroxy-forms were calculated as the difference in the total
lectronic energies of the radical cation, E(M•+), and its parent neu-
ral molecule, E(M)

IP = E(M•+) − E(M) (2)

The energy of radical cation M•+ was computed for the geometry
dentical with the parent molecule M. Vertical electron affinities
VEA) were computed as the difference in the energies of parent

olecule M and the corresponding radical anion M•−

EA = E(M) − E(M•−) (3)

This quantity corresponds to the negative energy change related
o the formation of the M•− radical anion

+ e− → M•− − VEA (4)

All calculated VIP and VEA values are compiled in Table 4. Used
enotation S1 refers to the lowest relevant excited singlet state
hich may not correspond to the actual first excited singlet state.

For the majority of molecules in the oxo-form, the lowest excited
inglet state with non-negligible oscillator strength is the second
ne, see Table 1.) These results show that solvation of the stud-
ed species leads to VIPs lower usually by ca. 2 eV. VIPs are almost
lways lowest for FQ molecule. The highest ones were found mostly
or CNFQ molecule. These results are in accordance with the fact
hat electron-withdrawing groups induce an increase in ionization
otential [84].

VEA values in Table 4 show the energy liberated when a
olecule in ground or excited state accepts the electron. The low-

st energy change shows FQ molecule in both tautomeric forms and
he highest energy change was found mostly for CNFQ molecule.

Data in Table 4 show that solvents induce a drop in ion-
zation potential and an increase in electron affinities of the
tudied molecules. Electron transfer from these molecules in
olution-phase therefore requires less energy. Simultaneously,
hese molecules have a higher ability to act as electron acceptors
n comparison to gas phase.

In general, gas-phase vertical ionization potential represents
he energy difference between the radical cation and the par-
nt molecule. Energy of the released electron is considered zero,
ecause the process represents the removal of the electron from a
olecule to infinite distance. In order to assess the effect of the sol-

ent on the VIP values, the solution-phase VIPs were determined
he same way (Eq. (2)). Inclusion of the solvation energy of elec-
ron, which is negative [85] will lead to lower VIP and VEA values
by 0.84 eV in DMSO and by 0.95 eV in ACN). In this study we did not
nvolve the electron solvation energy for the evaluation of energy

equirements of processes described in Eqs. (5)–(8), because the
ontributions of electron solvation are canceled in the calculated
IP–VEA differences.

In order to discuss the energetics of the possible reaction mech-
nisms, the lowest electronic excitation energies and one-electron
g g
b 3˙−

g → 1˙+
g excitation.

c Experimental value [86].
d Experimental value [87].

properties of molecular oxygen in vacuum, dimethylsulfoxide
(DMSO) and acetonitrile (ACN) were also calculated (Table 5). As
it can be seen in Table 5, the computed excitation energies for the
lowest optical transitions in the gas phase are 1.07 and 1.67 eV in
good accordance with the experimental values 0.98 and 1.64 eV
[86], respectively. The calculated adiabatic electron affinity (AEA)
is 0.59 eV, the experimental value is 0.45 eV [87]. The calculated
adiabatic ionization potential (AIP) is 12.63 eV. It agrees with the
experimental 12.07 eV value [86] very well. The effect of solvation
(in DMSO and ACN) causes a lowering of the ionization potential
(VIP and AIP) by 3.5 eV (see Table 5). The identical solvent effect on
the mentioned quantities was reported by Llano et al. [88] at the
B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) level of theory in the water.
It should be noted that the most accurate treatment of the molec-
ular oxygen singlet states requires application of computationally
demanding ab initio multi-configuration approach.

3.4. Energetics of various mechanisms of O2
•− and singlet oxygen

formation

The superoxide radical anion may be produced by direct electron
transfer between the fluoroquinolone molecule M in excited triplet
(T1) or singlet (S1) state and 3O2

M(T1) + O2(3˙−
g ) → M•+ + O2

•− �ETO = VIP(T1) − VEA(O2)

(5)

M(S1) + O2(3˙−
g ) → M•+ + O2

•− �ESO = VIP(S1) − VEA(O2)

(6)

The energetics of these processes can be described as the dif-
ference in the ionization potential of the fluoroquinolone in the
excited state and the electron affinity of 3O2. Again, for the sake of
denotation simplicity, in Eqs. (5)–(8) and Fig. 5, S1 refers to the first
relevant excited singlet state.

The computed vertical electron affinity of molecular oxygen
VEA(O2) for the gas phase reached 1.76 eV (Table 5). In the aprotic
solvents DMSO and ACN, this value is higher by ca. 3.2 eV.

The VIP(T1) and VIP(S1) values of the investigated fluoro-
quinolone derivatives in the two tautomeric forms are summarized
in Table 4. These values are lower than VEA(O2) in both solvents.
Therefore, in DMSO and ACN solutions, excited fluoroquinolones
are able to transfer the electron to the molecular oxygen. In the
case of process (5), the energy differences �ETO reached values
from −1.07 to −2.08 eV. For process (6), �ESO values are larger,
from −2.09 to −3.53 eV. In the case of DMSO, process (5) is more
favorable for oxo-tautomers. In ACN solutions, such an unambigu-

ous conclusion is not possible. For FQ and EEFQ molecules, electron
transfer from T1 state of hydroxy-tautomer is thermodynamically
preferred. For MEFQ, CNFQ and ACFQ, reaction of the oxo-tautomer
is favored. If we consider process (6), analogous conclusions can be
drawn.
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Fig. 5. Schematic illustration of photoinduced pro

Processes (5) and (6) are not favored in the gas phase,
here VEA(O2) is lower and the ionization potentials VIP(T1) and
IP(S1) are significantly higher than corresponding solution-phase
alues.

Because the species involved in processes (5) and (6) may
ndergo geometry relaxation, we have also evaluated �ETO and
ESO for adiabatic ionization potentials, AIP(T1) and AIP(S1), and

lectron affinity, AEA(O2). Obtained adiabatic �ETO and �ESO val-
es are higher in comparison to the vertical ones. Average deviation
etween the vertical and adiabatic energies reached ca. 1 eV (data
ot shown). In solution-phase, the resulting values are still nega-
ive.

Photoinduced (indirect) O2
•− production may also involve ini-

ial electron transfer from photoexcited fluoroquinolone molecule
n singlet or triplet state to an electron donor (D), forming the cor-
esponding radical cation (M•+) and radical anion (D•−). The latter
ubsequently reacts with molecular oxygen to produce superox-
de radical anion [89,90]. We assume that the fluoroquinolones in
xcited T1 or S1 states (Fig. 5) may play simultaneously the role of
he electron donor (autoionization processes [88]). The solution-
hase VIP(T1) energies of fluoroquinolones are in the range from
.88 to 3.88 eV. Their electron affinities VEA(T1) are from 4.37
o 5.32 eV (Table 4). The VIP(S1) values were found in the range
rom 1.43 to 2.89 eV, and the VEA(S1) lie between 5.51 and 6.53 eV
Table 4). Data in this table and Fig. 5a demonstrate that interac-
ion between the molecules in ground S0 state and excited state

s not favored from the thermodynamics point of view. This is in
ccordance with the well-known fact that the molecule in excited
tate is a better oxidizing and simultaneously better reducing agent
han the molecule in the ground state. Table 6 summarizes changes
n the energy related to the formation of radical cation and radical

able 6
nergy changes related to the processes described in Eqs. (7)–(10) in eV.

Environment Gas phase DMSO

Derivative FQ EEFQ MEFQ CNFQ ACFQ FQ EEFQ

Oxo-form
�ETT 2.19 1.77 1.78 1.95 1.94 −1.64 −1.90
�ESS −0.10 −0.35 −0.34 −0.27 −0.20 −3.86 −3.92
�Eet −1.68 −1.47 −1.45 −1.09 −1.43 −3.07 −3.00
�ET→O −1.83 −2.00 −2.00 −1.89 −1.96 −1.83 −2.05
�ES→O −2.98 −3.06 −3.07 −2.99 −3.03 −2.94 −3.06

Hydroxy-form
�ETT 2.65 2.18 2.20 2.42 3.35 −1.21 −1.40
�ESS −0.31 −0.08 −0.04 −0.15 1.45 −4.09 −3.64
�Eet −1.74 −1.15 −1.11 −0.90 −1.50 −3.13 −2.62
�ET→O −1.75 −1.72 −1.72 −1.69 −1.67 −1.77 −1.75
�ES→O −3.23 −2.85 −2.84 −2.98 −2.62 −3.21 −2.87
of molecule M upon absorption of UVA radiation.

anion from the lowest triplet and singlet excited states

M(T1) + M(T1) → M•+ + M•− �ETT = VIP(T1) − VEA(T1) (7)

M(S1) + M(S1) → M•+ + M•− �ESS = VIP(S1) − VEA(S1) (8)

From this table, it is clear that these two processes are ther-
modynamically favorable in solution-phase because �ETT and
�ESS are negative. In agreement with Fig. 5, thermodynamically
more effective is the interaction of two S1 states. In DMSO, reac-
tion (7) is thermodynamically preferred for oxo-tautomers of
the studied quinolones. In ACN, the same process is preferred
for oxo-tautomers in the case of MEFQ, CNFQ and ACFQ. Anal-
ogous conclusions hold up for reaction (8), with exception for
FQ molecule, where �ESS is significantly lower for the hydroxy-
tautomer. In the gas phase, formation of M•+ and M•− from the
molecules in T1 state requires an additional energy, �ETT > 0.

In the second step, electron transfer from M•−occurs

M•− + O2 → M + O2
•− �Eet = VEA(S0) − VEA(O2) (9)

Energy change, �Eet, corresponding to this process can be
expressed in terms of quinolone and O2 vertical electron affini-
ties VEA(S0) and VEA(O2), respectively. Again, negative �Eet values
shown in Table 6 indicate that the process (9) is thermodynamically
favored. In ACN solutions, reaction of hydroxy-tautomers of inves-
tigated quinolones is thermodynamically preferred. In DMSO, the
reaction of oxo-tautomers is more favorable, with exception of FQ

molecule. In the gas phase, electron transfer (9) is favored from the
thermodynamics point of view, too.

Energy transfer from quinolone in S1 and T1 states to O2 and for-
mation of 1�g singlet oxygen represents another pathway of ROS
formation. Here, the deexcitation energies, E(S1) or E(T1), should be

ACN

MEFQ CNFQ ACFQ FQ EEFQ MEFQ CNFQ ACFQ

−1.90 −1.86 −1.92 −0.60 −1.36 −1.88 −1.84 −1.91
−3.92 −3.93 −3.71 −2.86 −3.41 −3.92 −3.93 −3.71
−2.96 −2.80 −2.95 −3.48 −2.92 −2.96 −2.79 −2.94
−2.06 −2.01 −2.06 −1.83 −2.05 −2.06 −2.01 −2.06
−3.07 −3.04 −2.95 −2.96 −3.07 −3.08 −3.05 −2.96

−1.41 −1.32 −1.49 −2.20 −1.89 −1.39 −1.30 −1.47
−3.63 −3.77 −3.39 −5.10 −4.14 −3.63 −3.76 −3.39
−2.61 −2.57 −2.39 −2.71 −2.69 −2.60 −2.56 −2.38
−1.75 −1.73 −1.68 −1.77 −1.75 −1.75 −1.73 −1.68
−2.86 −2.95 −2.63 −3.22 −2.88 −2.87 −2.96 −2.64
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Table 7
Experimental (—) and simulated (—) EPR spectra (SW = 8 mT) obtained upon UVA exposure of investigated fluoroquinolone derivatives in DMSO/DMPO/air systems (exposure
660 s; c0 = 3.2 mM; c0,DMPO = 0.04 M).

Derivative Experimental and simulated EPR spectrum Spin Hamiltonian parameters of simulations (hfcc in mT)

FQ
•DMPO-O2

−: aN = 1.275, aH
� = 1.036, aH

� = 0.139, g = 2.0058, relative
concentration 68%;
•DMPO-OCH3: aN = 1.324, aH

� = 0.822, aH
� = 0.196, g = 2.0059, 22%;

•DMPO-OR: aN = 1.417, aH
� = 1.179, g = 2.0059, 10%.

EEFQ
•DMPO-O2

−: aN = 1.275, aH
� = 1.036, aH

� = 0.139, g = 2.0058, 53%;
•DMPO-OCH3: aN = 1.324, aH

� = 0.822, aH
� = 0.196, g = 2.0059, 25%;

•DMPO-NR1: aN(NO) = 1.279, aH
� = 1.564, aN = 0.405, g = 2.0058, 22%.

MEFQ
•DMPO-O2

−: aN = 1.275, aH
� = 1.036, aH

� = 0.139, g = 2.0058, 48%;
•DMPO-OCH3: aN = 1.324, aH

� = 0.822, aH
� = 0.196, g = 2.0059, 31%;

•DMPO-NR1: aN(NO) = 1.279, aH
� = 1.564, aN = 0.405, g = 2.0058, 21%.

CNFQ
•DMPO-O2

−: aN = 1.275, aH
� = 1.036, aH

� = 0.139, g = 2.0058, 64%;
•DMPO-OCH3: aN = 1.324, aH

� = 0.822, aH
� = 0.196, g = 2.0059, 24%;

•DMPO-NR2: aN(NO) = 1.345, aH
� = 1.771, aN = 0.345, g = 2.0058, 12%.

ACFQ
•DMPO-O2

−: aN = 1.275, aH
� = 1.036, aH

� = 0.139, g = 2.0058, 53%;
•DMPO-OCH3: aN = 1.324, aH

� = 0.822, aH
� = 0.196, g = 2.0059, 37%;

•DMPO-OR: aN = 1.417, aH
� = 1.179, g = 2.0058, 10%; 7%;

•DMPO-CR: aN = 1.457, aH
� = 2.049, g = 2.0057, 2%.

c
(

p
m

ompared with the excitation energy required for singlet oxygen
1�g state) formation, ES,1(O2) [88]

M(T1) + O2(3˙−
g ) → M(S0) + O2(1�g)

�ET→O = ES,1(O2) − E(T1) (10)

M(S1) + O2(3˙−
g ) → M(S0) + O2(1�g)
�ES→O = ES,1(O2) − E(S1) (11)

Negative �ET→O and �ES→O values in Table 6 confirm that these
rocesses are possible in all studied environments from the ther-
odynamics point of view.
We can conclude that the calculations showed that the studied
fluoroquinolone derivatives in triplet T1 and first relevant singlet
S1 excited states are able to transfer the electron or energy to form
O2

•− or singlet O2(1�g).

3.5. EPR experiments
Theoretical considerations on the photoinduced processes
of investigated fluoroquinolones pointed to the possibility
of superoxide radical anion and singlet oxygen formation
upon UVA photoexcitation. Consequently, the EPR investiga-
tions were focused on the evidence of O2

•− and 1O2 for-
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ation upon UVA exposure of fluoroquinolones in DMSO or
CN.

The photoinduced formation of reactive free radicals was inves-
igated using EPR spin trapping technique, a suitable method for
ndirect detection of short-living radicals [91]. Table 7 summa-
izes the experimental EPR spectra obtained in dark after 660 s of
V exposure of fluoroquinolones DMSO solutions in the presence

f DMPO along with simulations and spin Hamiltonian param-
ters. The UVA irradiation of all investigated fluoroquinolones
n aerated DMSO in the presence of DMPO resulted in the
ormation of dominant twelve-line EPR signal attributed to DMPO-

ig. 6. (a) Time dependence of TEMPOL concentration produced via TMP
xidation upon irradiation of fluoroquinolone derivatives in ACN/TMP/air sys-
ems (c0,TMP = 0.01 M): (©) FQ, c0 = 0.8 mM; (�) EEFQ, c0 = 0.08 mM; (�) MEFQ,
0 = 0.08 mM; (�) CNFQ, c0 = 0.8 mM; (�) ACFQ, c0 = 0.8 mM. Inset represents EPR
pectrum of TEMPOL monitored in ACFQ/ACN/TMP/air solutions after 900 s expo-
ure (SW = 10 mT). The symbols represent experimental data and the dotted lines
ere calculated by a least-squares minimization procedure using Boltzmann func-

ion. (b) Quantum efficiency (300–400 nm) of TEMPOL generated via TMP oxidation
pon irradiation of fluoroquinolone derivatives in aerated ACN solutions.
hotobiology A: Chemistry 211 (2010) 47–58

adduct with superoxide radical anion, •DMPO-O2
−, characterized

by spin Hamiltonian parameters aN = 1.275 mT; aH
� = 1.036 mT;

aH
� = 0.139 mT and g-value = 2.0058, in good correlation with ref-

erence data [68,91,92]. The simulation analysis revealed also the
presence of spin adducts originating from DMSO solvent (•DMPO-
OCH3 and •DMPO-OR [71,93,94]). In the EPR spectra of irradiated
EEFQ, MEFQ and CNFQ also the formation of nitrogen-centered
radicals trapped on DMPO (•DMPO-NR1 and •DMPO-NR2 [91]) was
evidenced, and minor intensity of six-line signal of carbon-centered
radical added to DMPO (•DMPO-CR) was found in the EPR spectra
of ACFQ. We propose that nitrogen-centered radicals are produced
via N1–C2 bond cleavage, in correlation with the electron distri-
bution in the LUMO orbitals (Fig. S1). After the electron excitation
from HOMO to LUMO in the hydroxy-tautomer, the electron density
over the above mentioned bond is decreased.

The photoinduced generation of singlet oxygen upon con-
tinuous UVA irradiation of fluoroquinolone derivatives in ACN
was evidenced via oxidation of TMP [68–71] to semi-stable
nitroxyl radical TEMPOL characterized with three-line EPR signal
(aN = 1.575 mT; g = 2.0060; inset in Fig. 6a). The first spectrum in
the time-evolution was measured without radiation, and subse-
quently, upon continuous irradiation ten spectra were recorded.
(Each EPR spectrum represented an accumulation of two scans
measured with a 45 s sweep time). The relative integral intensi-
ties of EPR signal were calculated by double-integration of the
individual experimental spectra, and the concentration of pho-
togenerated TEMPOL upon UVA exposure was determined. The
obtained dependencies of TEMPOL concentration upon irradiation
time shown in Fig. 6a were fitted by a non-linear least-squares
method to Boltzmann function, and the initial rate of photoinduced
TEMPOL formation (Rin, TEMPOL) was evaluated for individual fluoro-
quinolone derivatives (Fig. 6a). Generation of 1O2 upon irradiation
of fluoroquinolones under given experimental conditions was con-
firmed by the addition of sodium azide [71] into the reaction
system, which caused substantial decrease of EPR signal intensity
of photogenerated TEMPOL.

In order to compare the ability to act as a photosensitizer
for studied fluoroquinolone derivatives, the quantum efficiency
(QE; 300–400 nm, i.e. 4.13–3.10 eV) of TEMPOL generated via sin-
glet oxygen oxidation of TMP was calculated [89] and the results
are summarized in Fig. 6b. The presence of cyano or acetyl
groups at C3 of the 4-oxoquinoline skeleton in CNFQ and ACFQ
derivatives caused significant increase of TEMPOL quantum effi-
ciency. The comparison of experimental QE and the evaluated
energetic parameters of fluoroquinolones showed the linear cor-
relation (R = −0.984) between the QE and TD-DFT lowest triplet
excitation energies, E(T1), considering hydroxy-tautomer in ACN
solvent (Table 2). This indicates that the vertically excited hydroxy-
tautomer may play substantial role in the process of singlet oxygen
generation via exchange electronic energy transfer.

4. Conclusions

Theoretical calculations showed that the five studied fluoro-
quinolone derivatives can be found in two forms – oxo- and
hydroxy-tautomer. In the gas phase, the hydroxy-tautomer is
preferred, while the solvents ACN and DMSO stabilize the oxo-
tautomer. Presence of electron-withdrawing substituents at C3
atom of the pristine fluoroquinolone molecule affects the bond-
ing situation and leads to a blueshift of the experimental UV/vis
absorption maxima as well as of the calculated vertical excitations.

Experimental UV/vis absorption spectrum in DIOX showed that the
solvent is able to change the concentration ratio between oxo- and
hydroxy-tautomers present in the solution.

DFT calculations indicate that in solution-phase, direct and
indirect electron transfer from the studied molecules resulting
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n superoxide radical anion O2
•− can occur. These processes are

hermodynamically favored. Besides, this study showed that the
uoroquinolones in excited singlet or triplet states are capable
o transfer energy to molecular oxygen. This process enables for-

ation of singlet oxygen (1�g). EPR spin trapping experiments
erformed in DMSO using DMPO as the spin trapping agent, con-
rmed the photoinduced O2

•− generation upon irradiation of all
nvestigated fluoroquinolones. Singlet oxygen produced during
hotoexcitation of fluoroquinolone derivatives in ACN was mon-

tored using EPR via oxidation of TMP to nitroxyl radical TEMPOL.
he evaluated quantum efficiency (300–400 nm) of this process
evealed significant dependence on substituent at C3 atom of
uinolone skeleton. The presence of cyano or acetyl groups in this
osition caused the increase in the ability of the investigated fluo-
oquinolone derivatives to act as a photosensitizer.
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