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Abstract The photophysicochemical properties of selected
fluoroquinolones in different solvents of various physical
properties, including polarity and hydrogen bonding ability,
were investigated using steady state fluorescence spectrosco-
py. The solvent-dependant fluorescence emission spectra of
selected fluoroquinolones, namely ciprofloxacin (CIPR) and
enrofloxacin (ENRO), were employed to gain insights
concerning its photophysicochemical properties of interests.
Interestingly, fluorescence spectra of the selected drugs
exhibited structured emission spectra in nonpolar solvents
such as hexane, whereas unstructured spectra were observed
in more polar solvents such as alcohols and water. Also, a
notable bathochromic shift in AJ., was observed in fluores-
cence spectra of both drugs with increasing solvent polarity
that resulted in biphasic behavior upon applying the Lippert-
Mataga correlation that correspond to general and specific
solvent effects. Applying the Lippert-Mataga correlation to
the fluorescence spectra of CIPR and ENRO in various sol-
vents was employed to estimate the dipole moment difference

between the ground and excited states of them, Ay (12, — p1,),

where obtained results revealed the values of 9.4 and 16.2
Debye for the LE and ICT states of ENRO, respectively, and
8.0 and 16.2 Debye for the LE and ICT states of CIPR,
respectively. Multiple linear regression analysis (MLRA)
based on Kamlet-Taft equating was applied against absorption
frequency (V,,s), emission frequency (Ven), Stokes shift (Av),
and fluorescence quantum yield (®;), where obtained
results revealed excellent correlation (R: 0.916-0.966) that
are consistent with other results considering the effect of
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solvent polarizability, hydrogen bonding ability, and vis-
cosity on the photophysicochemical properties of the studied
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Introduction

Global warming has triggered tremendous amount of efforts
toward minimizing its effects and anticipating its conse-
quences on various aspects of our lives including health
related dilemma [1-4]. Hence, the high level of radiation
that is currently reaching the earth plays a notable role in
such observed consequences of global warming [1-4],
which in turn affects the physicochemical behavior of wide
range of chemicals and materials that are widely used in
various applications; this includes pharmaceutical materials,
such as drugs. It is well known that molecules behave
differently when they exist in their excited state in compar-
ison to their behavior in the ground state, where these
excited states result from absorption of different kinds of
radiation including sunlight [5-7]. One of the main issues
related to this behavior is the unexpected chemical reactivity
of these excited chemical species, where such matter is of
particular importance in pharmaceutical therapy in case of
administrating photosensitive drugs [7-10]. On the other
hand, it is noteworthy mentioning that there is currently a
wide range of pharmaceutical formulations that are consid-
ered as photosensitive materials, where investigating their
photo-physicochemical behavior is still needed.

In general, the physicochemical behavior of photosensi-
tive chemical specie is linked with the dipole moment that
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the chemical specie possesses in its excited state (Ley), and
hence concluding the i can be utilized for exploring the
physicochemical behavior of photosensitive materials, in-
cluding pharmaceutical materials. Importantly, photosensi-
tive pharmaceutical formulations are predictably subjected
to be metabolized through unexpected pharmacokinetics
pathway upon being exposed to various kinds of radiation.
Therefore, there is a necessity for exploring the photo-
physicochemical behavior of wide spectrum of pharmaceu-
tical materials that are currently available in the market and
widely prescribed; among these pharmaceutical materials
are fluoroquinolone-based antibiotics [11, 12]. Fluoroquino-
lones (FQs) are a class of synthetic antibacterial agents that
possess a wide spectrum of activity against gram-negative
and gram-positive bacteria and frequently used for veteri-
nary and human medication. However, one of the main
concerns associated with this class of antibiotics is their
phototoxicity, which in turn is attributed to their photo-
physiochemical properties [12—14]. Structurally they have
in common a quinolone moiety with fluorine atom as a
substituent at position C-6, where the quinolone moiety is
responsible for most of the absorption and emission spectral
properties of FQs.

Recently, several reports have demonstrated that several
members of FQs, such as oflofloxacin and ciprofloxacin
[15—18], possess a phototoxicity that is mainly driven by
their photophysicochemical activities. In parallel to photo-
toxicity studies, other reports can be located in the literature
concerning the photophysical and photochemical properties
of various members of FQs. However, there is still a need
for widening the spectrum of those members of FQs, such as
enrofloxacin (ENRO) and ciprofloxacin (CIPR). 3-D struc-
ture of ENRO is shown in Fig. 1. Both drugs are synthetic
chemotherapeutic antibiotic that exhibits antibacterial activ-
ities against a broad spectrum of gram- positive and gram-
negative bacteria, whose photophysicochemical properties
need to be explored via using different approach or even to
be studied in more details these important properties. On the
other hand, it is noteworthy mentioning that solvatochrom-
ism is one of the most frequently utilized approaches that are
frequently employed for exploring the photophysicochemical

Fig. 1 Optimized 3-D geometry of ENRO; the arrow indicates the
direction of dipole moment in the ground state ()
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properties of photo sensitive materials, including pharmaceu-
tical materials [19-25]. Principally, the electronic absorption
or emission spectra of a substance of interest are generated in
different media of different polarity and acidity, where the
media-dependent spectral properties are employed for gaining
insights concerning the photophysicochemical properties of
this substance.

In the view of the growing interests directed toward the
importance of phototoxicity of pharmaceutical materials, we
investigate in this study the effect of solvent’s polarity on
the photophysicochemical properties of a selected Fluoro-
quinolones drug, namely ENRO and CIPR. Electronic ab-
sorption and emission spectra, fluorescence in particular,
were collected in solvents of different polarities that exhibit
various solvatochromic parameters, such as normalized po-
larity parameter (E1(30)) dipolarity/polarizability (7t*),
hydrogen-bond donor acidity (o), and hydrogen-bond ac-
ceptor basicity (3), where these spectra were interpreted in a
fashion that can relieve insights concerning the photophysi-
cochemical properties of both drugs .

Experimental
Apparatus

The electronic absorption and steady state fluorescence
spectra were recorded on 100 Conc spectrophotometer
(Cary) and RF-5301PC spectrofluorimeter (Shimadzu)
equipped with a 150 W xenon lamp, respectively. All spec-
tra were collected using 1.0 cm quartz cuvettes. Fluores-
cence spectra were generated with both excitation and
emission bandwidths set on 5 nm and an excitation wave-
length that corresponds to A« observed in the absorption
spectrum of each solvent.

Materials and Procedure

ENRO, CIPR and quinine sulfate were obtained from
Sigma-Aldrich, whereas all solvents were purchased from
either Acros Organics or Sigma-Aldrich. All materials were
used without further purification and aqueous solutions
were prepared using Milli-Q ultrapure water (18 MS2). Stock
solution of each drug with concentration of 2x10™* M was
prepared in Methanol and kept at 278 K till needed. Sol-
utions in different solvents were prepared by withdrawing
an aliquot of the drug stock solution (in methanol), then
evaporating the methanol followed by re-dissolving the
solid residue with the solvent of interest. Solutions for
quantum yield calculations were prepared with Absorbance
at Ax<0.05. Fluorescence quantum yield (®y) calculation
was performed using quinine sulfate (in 0.1 N sulfuric acid)
as a reference material (®s=0.52, A.,=360 nm) [5].
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Geometry Optimization & Quantum Mechanics Calculation

3-D structure optimization of the studied drugs and quantum
mechanics calculation were conducted based on combina-
tion of semiemperical and molecular mechanics (MM+)
calculations employing HyperChem 8.0 software package
(HyperCube Inc., Gainesville, FL, USA).

Results and Discussion

It is noteworthy mentioning that almost similar results were
obtained for both drugs under investigations upon
performing different experiments and testing. Hence, most
of the results presented herein are those obtained for ENRO,
whilst those results obtained for CIPR are summarized in
Tables 1 and 2, where CIPR graphical results are not pre-
sented in most conditions where there was no significant
difference amongst the tested drugs. The electronic absorp-
tion and steady state fluorescence spectra of the selected
fluoroquinolones were obtained in solvents of different po-
larities and hydrogen bonding capabilities, where both drugs
are soluble in all of tested solvents with a concentration in
the uM range. Table 1 summarizes the corresponding data
of all these spectra in addition to solvents’ physical param-
eters, this includes various solvation parameters, such as
normalized polarity parameter (E(30)), dipolarity/polariz-
ability (7t*), hydrogen-bond donor acidity («), and
hydrogen-bond acceptor basicity (3). As it can be noticed
from Table 1, identical results were obtained for both drugs
with negligible differences.

Normalized fluorescence emission spectra of ENRO in
selected solvents are shown in Fig. 2, where as can be
noticed there is a notable bathochromic shift of approxi-
mately 45 nm occurs in the fluorescence emission spectrum
upon increasing solvent polarity and hydrogen bonding
ability. On the other hand, it is worth pointing out that no
correction was applied to the fluorescence spectra against
the inner filter effect, where a negligible effect was observed

upon calculating the fluorescence quantum yield, whereas
shift observed in spectra is independent of this effect. Inter-
estingly, not only a bathochromic shift is observed with
increasing polarity, but also a notable change in the spec-
trum shape can be observed. In particular, two bands can be
observed within an emission spectrum of ENRO at A=410
and 390 nm in nonpolar solvent, such as chloroform and
dioxane, where these two bands start to exhibit a bath-
ochromic shift and loosing the shape, respectively, with
increasing the polarity of the solvent. For further confir-
mation of the existence of these two bands, the effect of
n-hexane on the emission spectra of ENRO was investi-
gated. As illustrated in Fig. 3, the band that appears at
A=380 exhibits a full shape with increasing hexane level
in the solution. Hence, such fading in the structured
emission with increasing solvent polarity implies the
occurrence of both general and specific solvent effects.
In addition, the spectral shift observed as solvent’s po-
larity increases can be attributed to the occurrence of
potential intramolecular charge transfer (ICT) that is in-
creasingly stabilized with increasing solvent polarity.
Thus, the occurrence of ICT generates a dipole moment
in the excited state across the ENRO molecule that is
more stabilized in polar solvents. The effect of solvent
polarity in terms of permittivity (dielectric constant) on

Agr  of ENRO is illustrated in Fig. 4, where as can be noticed a
dramatic increase in can be observed upon increasing solvent
permittivity.

However, it is noteworthy mentioning that implementing
only the solvent permittivity as scale for solvent polarity is
inconclusive in terms of identifying the interaction between
the fluorophore and the solvents. Thus, traditionally the
effect of solvent polarity on fluorescence emission spectra
of a fluorophore is investigated based to changes observed
in Stokes shift Ay (Vex = Vem) and @y in various solvents of
different polarity. The effect of solvent polarity on Stokes
shift of a fluorophore is commonly presented according to
the Lippert-Mataga relationship, where this equation corre-
lates the energy difference between absorption and emission

Table 2 Estimated values for the solvent independent coefficients, standard deviation, and correlation coefficient (R) obtained from MLRA

employing Kamlet-Taft equation

XYZ XYZ, a c d R

Av CIPR 9,921+318 9294172 868+242 2,502+339 — 0.941
ENRO 9,151+295 995+174 1,664+£298 2,490+309 — 0.966

Vem CIPR 26,315+370 891+208 9424279 2,648+419 — 0.936
ENRO 26,492+345 —408+203 ~2,2454348 24824362 — 0.947

o CIPR 0.019+0.060 0.099+0.033 0.167+0.0449 0.089+0.065 0.018+0.004 0.935
ENRO 0.019+0.060 0.099+0.033 0.167+0.0449 0.089+0.065 0.018+0.004 0.935

o CIPR —0.061+0.104 0.151+0.056 —0.122+0.0791 0.193%0.111 — 0.745
ENRO —0.146+0.058 0.134+0.034 —0.113+0.058 0.311+0.060 — 0.898

@ Springer



J Fluoresc (2013) 23:93-101

97

1.2
Waler
MeQH
——EthOH
Tt —— Ethyl Acetate
=— Acetonitrile
——— Dichloromethane
——— Chiloroform
o8 + == Digxane

[ X-3 3

Fluorescence (a.u.)

04r

0.2

350 400 450 500 550
Wavelength (nmj

Fig. 2 Normalized fluorescence spectra of ENRO (5x107° M) in
selected solvents; (Ax=275 nm)

maxima (cm ') to the orientation polarizability, where the
later is defined as [5]:

e—1 n? —1
Af =——————

2¢e +1 2n2+1
where, n and ¢ are the solvent refractive index and solvent
dielectric constant, respectively. Hence, the Af relationship
considers both the effect of solvents solvent electrons redis-
tribution and dipoles reorientation and on the total polarity

of the solvent; where, the first term (255111) and second term

<2":2—’+11> represent the contribution of a combination of

solvent electrons redistribution and solvents dipoles reori-
entation, and the electrons redistribution effect only, re-
spectively. According to Lippert-Mataga theory the orientation
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Fig. 3 Normalized fluorescence spectra of ENRO in dioxane with
increasing level of hexane; the arrow indicates the direction of increase
in the first band; inset: enlarged image for the same spectra at (Afrﬁx);
Aex=280 nm
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Fig. 4 Plot of variation of fluorescence maximum of ENRO (5x
107° M) as a function of dielectric constant of different solvents
(Aex=275 nm)

polarizability is correlated to the Stokes shift of a fluorophore

as [5]:
_,L)z

2 (ug e
Strokes Shift = ———————
hea?
where 11, and 1L are the dipole moments of the molecule in its
ground and excited states, respectively; h: Planck’s constant,
«: the cavity radius in which the fluorophore resides, c: is
speed of light. The Stokes shift obtained for both drugs in
different solvents is plotted against orientation polarizability of
the corresponding solvents as illustrated in Fig. 5 (ENRO). As
Lippert-Mataga theory does not take into consideration the
solvent ability for hydrogen bonding, hence biphasic behavior
is expected. The solvents where subdivided into two groups,
namely able and unable hydrogen bonding groups, where the
linear correlation of Lippert-Mataga was applied separately
into these two subgroups. The notable difference between the

Af + const.
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Fig. 5 The Lippert-Mataga plots (Stokes shift (Av) vs. Af) of ENRO
(5%x107° M) ; (Aex=275 nm)
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two linear fittings implies that solvent influences the photo-
physicochemical properties of fluoroquinolones via two mech-
anisms, namely general and specific solvent effects, where
these two kinds of effects can be concluded from the linear
fittings of two subgroups of solvents, namely capable and
incapable of hydrogen bonding solvents, respectively. These
results signify the importance of hydrogen bonding in stabiliz-
ing or destabilizing the excited state of the selected fluoroqui-
nolones. It is noteworthy mentioning that increasing solvent
polarity did not only affect the position of A , but also this
change was accompanied by losing the structure of the fluo-
rescence spectrum from double-band into single-band spec-
trum. Interestingly, this can potentially considered as an
indication for the existence of two different excited states that
result upon light absorption, i.e. emitting species, namely
locally excited state (LE) and ICT state, which are observed
in nonpolar and polar with solvents, respectively, where ICT
for ENRO with higher charge separation is observed in more
polar solvents. Proposed mechanisms for ICT of ENRO are
illustrated in Fig. 6. Furthermore, the fluorescence and absorp-
tion spectra of ENRO were collected in binary solvent systems,
namely dioxane-water binary system, where the dioxane v:v
concentration varies in the range 0-100 %, see Fig. 7. Adding
small volumes of water (5 %, v:v) has resulted in substantial
bathochromic shift in the fluorescence spectrum of ENRO in
dioxane (AA=20 ), whereas almost no effect was observed in
the absorption spectrum (AA=1 nm ) under the same condi-
tions. Interestingly, it is noteworthy pointing out that the added
volume of water is so small to alter the polarity of the medium,
and hence this behavior can be attributed to the presence of
specific solvent effect, hydrogen bonding in particular, that is
consistent with those results obtained from Lippert plot. Sim-
ilarly, the existence of general solvent effect was further
evidenced from studying the effect of adding n-dioxane on
the fluorescence spectrum of ENRO in chloroform or hexane,

Fig. 6 Proposed ICT for o o0
ENRO J_
T WL
A-l
q_1
i HO”
o .0
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see Fig. 3. As can be noticed from Fig. 3, the resolution of the
structured spectrum has dramatically enhanced with notable
hypsochromic shift with increasing added volume of hexane
implying the existence of the general solvent effect that is
consistent with what was concluded from Lippert plot.

As listed in Tables 1 and 2, both 2% and A" for both
drugs are affected by solvent polarity, and consequently the
Stokes shift is also affected, which in turn indicates that the
solvent interacts with both the ground and excited states of
ENRO and CIPR. The p, and cavity radius (oc ) were
estimated using molecular mechanics (MM+) calculation
based on the most stable 3-D structure of the drug and were
found to be equal to 5.8 Debye and 5.0 A, respectively for
ENRO and 5.7 Debye and 4.8 A, respectively, for CIPR. Ap
for both the LE and ICT states were estimated from the
linear regressions in the Lippert plot for hydrogen bonding
able and unable subgroups of solvents, respectively, and
found to be 16.2 and 9.4 Debye, respectively, for ENRO,
and 16.2 and 8.0 Debye for CIPR. Hence, using the esti-
mated values of Ap in protic solvents, [, and &, Hex Was
calculated and found to be 22.0 and 23.0 Debye for ENRO
and CIPR, respectively, which corresponds to average
charge separation of approximately 4.6 A, which in turn is
comparable with the molecular size of the selected fluoro-
quinolones estimated using MM + calculation.

Effect of solvent polarity and viscosity on fluoroquino-
lones fluorescence quantum yield (®y) was also investigat-
ed. As can be noticed from Table 1, @ notably increases
with increasing solvent polarity and viscosity, where similar
results obtained from considering both effects indicating
that the non-radiative decay decreases with increasing either
one of them. In terms of polarity, the decrease in @y as
polarity decreases could be linked with the ICT, where the
ICT is less stabilized in solvents of lower polarity and
consequently free rotation is less retarded, and hence rate

o o
o F _ | F
|‘ HO .
I
- A, A
>N - - NN .
&
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Fig. 7 fluorescence spectra of ENRO in dioxane with increasing level
of water; the arrow indicates the direction of fading in the first band;
inset: effect of solution composition on A7 of ENRO; A¢,=280 nm

of non-radiative decay increases, which in turn can be
observed as a reduce in @y Similarly, increase in @y as
viscosity increases can be attributed to retardation of free
rotation upon forming the ICT; such behavior can be obvi-
ously observed in viscous solvent, such as DMSO (®;
=0.12, Af = 0.26) and ethylen glycol (®; =0.28, Af =
0.25), yet these two solvent possess lower polarizability
than other solvents, such as methanol (®; =0.02, Af =
0.31) including all alcohols. However, it is noteworthy
mentioning that it is more conclusive to consider dual effect
of polarity and viscosity. Attempts were conducted for cor-
relating either the solvent viscosity or polarity separately
with the @ of both drugs, where inconclusive correlation
was observed. See below for more information.
Supporting the findings that were obtained using the
Lippert-Mataga methodology was attempted via correlating
the A7 and Stokes shifts of selected fluoroquinolones with
the normalized polarity parameter E1(30). Figure 8 shows the
plots of Stokes shift (A) and {7, (B) of ENRO as a function of
Et (30). It can be noticed that a weak correlation was
obtained when all solvents were included in the correlation.

Nevertheless, subdividing these solvents into the same sub-
groups, as performed in Lippert plot, revealed reasonable (R=
0.96) and weak correlation for the protic and aprotic sub-
groups of solvents, respectively, highlighting the importance
of specific solvent effect on fluoroquinolones photophysico-
chemical properties. Alternatively, a new multiparameter ap-
proach that was developed by Kamlet et al. concerning
correlating various solvents’ parameters with measurable
physicochemical property or parameter (XYZ) [26, 27], has
exhibited notable successful physical interpretation and cor-
relation for experimental data. The general form of Kamlet-
Taft multiparameter correlation equation concerning solvato-
chromism is expressed as:

XYZ = XYZ, + ac + bp + crc*

where, XYZ is the measurable physical parameter; XYZ, is
the measurable physical parameter in the gas phase, i.e. sol-
vent independent physical parameter; a, b and ¢ are solvents
independent coefficients; o, (3 and 7v* are the hydrogen-bond
donor capability, hydrogen-bond acceptor capability, and di-
electric effects of solvents (polarizability), respectively. The
multiple linear regression analysis (MLRA) was performed
against several XYZ parameters, namely absorption frequen-
cy (Vaps), emission frequency (vey), Stokes shift (Av), and
®;. However, as mentioned earlier other factor that can con-
tribute to the value of @ is solvent viscosity, hence the
Kamlet-Taft equation was modified in case of @¢ by inserting
the solvent viscosity (1):

br =P, + aa + b+ cr* + dn

Estimated values for the solvent independent coefficients,
standard deviation, and correlation coefficient (R) obtained
from applying the MLRA are summarized in Table 2. Inter-
estingly, the relatively high correlation coefficients obtained
for all XYZ of interests (R: 0.916—0.966) implies that the
experimental data are highly linearly correlated, where this
excellent correlation was obtained without separating tested
solvents into subgroups. The MLRA that corresponds ®¢

Fig. 8 Plot of Stokes shift (a) 1.5 25
and Ven, of ENRO (5x107° M) (A) . (B)
vs. E1(30) of different solvents i 2.45
(Aex=275 nm) _ A
p 24
5 E -
z 5 235
= S
“ 12 -
2 a >E 2.3
i & 225
= ;
1 2.2
35 40 50 55 60 &5 35 40 45 50 55 60 65

E1(30), Kcal.mol!

E1(30), Kcal.mol!
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was performed twice, with and without taking into consid-
eration the solvent viscosity effect, (®y) and (D), respec-
tively; no significant enhancement was observed upon
taking into consideration the viscosity factor. The closeness
of obtained values for the corresponding correlation coeffi-
cients (R (®p)=0.898; R (Pp)=0.916) implies that solvent
viscosity contributes minorly to the @y of the selected fluo-
roquinolones in comparison to other factors, but cannot be
completely disregarded. Furthermore, it can be noticed from
Table 2 that solvents polarizability contributes majorly in all
XYZ, but it can be noticed too that hydrogen bonding also
has significant contribution. MLRA was also performed
against v, (data not shown), however inconclusive results
were obtained due to the corresponding unsatisfactory cor-
relation coefficient (R=0.63). Indeed, the data in Table 2
show that both solvent polarizability and hydrogen-bond
acceptor ability contribute positively to the Stokes shift
and emission frequency, which implies stabilization of the
corresponding state. On the other hand, hydrogen-bond
donor ability contributes positively (stabilization) and neg-
atively (destabilization) to Stokes shift and emission
frequency, respectively, where such contradictory contribu-
tion can be attributed to the fact that it is generally imprac-
tical to investigate the effect of solvent polarity on emission
frequency separately from the absorption frequency.
Hence, this consistently with other results that solvent
does affect both the ground and excited states of the
selected fluoroquinolones.

Conclusion

The solvent-dependent photophysicochemical properties of
selected fluoroquinolones have been successfully investigat-
ed using steady state fluorescence techniques. Solvents of
different physical properties including solvation parameters,
such as normalized polarity parameter (E1(30)), dipolarity/
polarizability (7t*), hydrogen-bond donor acidity («), and
hydrogen-bond acceptor basicity (f3), were used successful-
ly for the purpose of gaining insights concerning the influ-
ence of solvent on the photophysicochemical properties of
fluoroquinolones drugs. Obtained results indicated that fluo-
rescence spectra of ENRO and CIPR are notably influenced
by the solvent polarity and its hydrogen bonding ability.
This report demonstrates that this solvent dependant fluo-
rescence behavior of both drugs can be utilized for gaining
insights concerning its excited state behavior. In particular,
two emitting species for the selected drugs, namely locally
excited state (LE) and intramolecular charge transfer (ICT)
state may exist upon excitation of ENRO, where these two
states correspond to the excited states that are generated in
aprotic and protic solvents, respectively. Interestingly,
consistent results were obtained upon applying different
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correlating techniques against the experimental data, namely
Lippert-Mataga and Kamlet-Taft techniques. The findings
of this study can be employed for gaining conclusive knowl-
edge concerning the phototoxicity of this drug and other
structurally related drugs under similar biological environ-
ments in terms of polarity and viscosity. .
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