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ABSTRACT: Herein, we have shown the interaction of an antibiotic drug ciprofloxacin (CIP) with three surface-active ionic liquids
(ILs), having the same cation and different anions, namely, 1-decyl-3-methylimidazoliumtetrafluoroborate [C10mim][BF4], 1-decyl-
3-methylimidazolium bromide [C10mim][Br], and 1-decyl-3-methylimidazolium chloride [C10mim][Cl]. This study has been
performed by exploiting various spectroscopic techniques such as steady-state fluorescence, time-resolved fluorescence, and UV−
visible spectroscopy. The fluorescence emission study of CIP with ILs was performed at various concentrations of all the three ILs.
The emission spectra of CIP decreased in the presence of ILs, suggesting complex formation between CIP−IL. The effect of
different concentrations of ILs on the emission spectra of CIP was exploited in terms of quenching and binding parameters. Further,
fluorescence emission study was validated by the time-resolved fluorescence technique by measuring the average lifetime (τavg) of
CIP in the presence of all the three ILs. The τavg value of the drug changed with the addition of ILs, which suggests complex
formation between the drug and ILs. This complex formation was also confirmed by UV−visible spectroscopy results of CIP with all
the three ILs. Further, for evaluating the thermodynamic parameters of the CIP−IL interactions, isothermal titration calorimetry
(ITC) was performed. The ITC experiment yielded the thermodynamic parameters, ΔH (change in the enthalpy of association),
ΔG (Gibbs free energy change), ΔS (entropy change), and binding constant (Ka). The binding parameters driven by ITC revealed
that CIP−IL interactions are spontaneous in nature and enthalpy-driven, involving hydrophobic forces. Further, the classical density
functional theory (DFT) calculations were performed, which provided deep insight for CIP−IL complex formation.

1. INTRODUCTION
The solubility of drugs is a major concern for the
pharmaceutical industry and chemical scientists in the past
several years. Adequate solubilization of the drug is the most
challenging aspect for drug delivery.1,2 This difficulty has
driven pharmaceutical researchers to develop new methods or
approaches to formulating drugs.3,4 Various attempts have
been made to enhance drug solubility at the time of drug
formulation, some of which include salt formation, tailoring of
active pharmaceutical ingredients (APIs), and complex
formation with surface active molecules.5−7 In many cases,
even these approaches cannot completely overcome the
solubility-related troubles.3,8 Therefore, it becomes necessary

to modify the traditional techniques for an effective drug
formulation and its site-specific delivery.3,9−11 Surface active
ionic liquids (ILs) show the most fascinating properties to
address these issues.12−15 Therefore, ILs are being probed as
alternative materials and solvents in various ranges of
applications including biotechnology, pharmaceutics, and
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antimicrobial agents.16−18 ILs enhance the transportation of
drugs to the site of action, and hence, they emerged as novel
drug delivery agents.19 Recently, ILs have been actively utilized
in modifying drugs’ physicochemical properties such as
suspension rate, permeability, and bioavailability.20,21

ILs are organic salts having outstanding physical properties,
which make these ideal competitors in several fields including
biological and pharmaceutical sciences.7,17,22 ILs have insignif-
icant vapor pressure, high conductivity, and thermal stability
and are miscible with a wide range of solvents, including
water.23−27 By tuning their cations or anions, ILs can be
effortlessly designed as task-specific ILs and hence can be
considered as “designer solvents”.27−29 Modulating the
structure of ILs’ cation or the counterion, ILs have displayed
higher physiochemical and biological properties and the
complexation of ILs with API can improve the solubility,
bioavailability, and activity of the drug.30 These exceptional
properties of ILs open wide choices for their applications in the
pharmaceutical industry. Several drug-based IL conjugates and
their synergistic interactions have been reported in the
literature.16,17,31−33 The outcomes have suggested that IL−
drug complexation enhanced the solubility and bioavailability
of poorly soluble drugs.20,31,34−36 Sintra et al. have reported the
solubility of the drug ibuprofen in the presence of ILs. The
results revealed that the complexation of ibuprofen−IL
enhanced the solubility of the pure drug in aqueous medium.34

In another report, Huang et al. studied the interaction of a
poorly soluble drug with sodium dodecyl sulfate (SDS). They
demonstrated that the solubility of the drug elevated in SDS
solution through the formation of ion pairs between the drug
and the aqueous solution of SDS.37 Reid et al. demonstrated
the antimicrobial activity of a series of ILs in terms of
minimum inhibitory concentration (MIC). They correlated
the counterion structure and hydrophobicity with the MIC
value of the tested ILs. Results revealed that higher
hydrophobic IL displayed a lower MIC value against clinically
accepted microorganisms.38

Recently, Ghosh et al. explored the adsorption and
separation of a fluoroquinolone drug at the air−water interface
by using ionic surfactants (CTAB/SDS). They found that
poorly water-soluble drugs have higher removal efficiency with
SDS than with CTAB. The adsorption of poorly soluble drugs
was due to complexation between the drug and the surfactant
through ion-pair formation.39 Kurnik et al. developed
cholinium-IL-based amphiphilic polymeric micelles by utilizing
Pluronic and various ILs in biphase micellar systems for

hydrophobic drug delivery. Their investigation suggested that
surface-active molecules have a strong affinity to solubilize
sparingly soluble drugs.40 Therefore, a deeper investigation of
IL and drug interaction is necessary to understand their
physiochemical behavior. In this regard, we have tried to
explore the interaction of the antibacterial drug ciprofloxacin
and surface-active ILs 1-decyl-3-methylimidazolium tetrafluor-
oborate [C10mim][BF4], 1-decyl-3-methylimidazolium bro-
mide [C10mim][Br], and 1-decyl-3-methylimidazolium chlor-
ide [C10mim][Cl] in aqueous medium.
Ciprofloxacin (CIP) is an antibacterial drug of second

generation, which displays exceptional pharmacokinetic and
antimicrobial properties. It is an extensively prescribed
fluoroquinolone antibiotic and is widely utilized for the
treatment of urinary, skin, and other bacterial diseases.41,42

Due to its widespread use, the proportion of its resistance
(drug resistance) is exponentially increasing and, thus, the
development of a new or improved therapeutic regimen that
works against its resistance is necessary.43,44 The present
research work is explored using various spectroscopic
techniques such as steady-state fluorescence, time-resolved
fluorescence, UV−visible spectroscopy, and calorimeter
techniques like isothermal titration calorimetry (ITC)
techniques. The results have been investigated to gain insight
into the nature of the anions of imidazolium-based ILs and
their binding with the drug. The spectroscopy results are
supplemented by classical density functional theory (DFT)
calculations. This study may be helpful in the formulation of
API-IL-based antibacterial drugs.

2. RESULTS AND DISCUSSION
2.1. Steady-State Fluorescence Spectroscopy. The

quantitative interactions of CIP with ILs have been explored by
a fluorescence emission spectroscopy technique. The emission
spectra of CIP in the absence and presence of all the three ILs
were recorded at 274 nm.45,50 Figure 1A−C shows the
emission spectra of CIP (20 μM) in the absence and presence
of [C10mim][BF4], [C10mim][Br], and [C10mim][Cl], respec-
tively. The spectra given in Figure 1 revealed that the emission
spectrum of CIP gets quenched progressively upon the
successive addition of each IL in increasing concentrations.
The quenching in the emission spectra of CIP in the presence
of ILs suggests the complex formation between CIP−IL
through attractive forces due to ion pairs.51 The complexation
of drug with IL molecules involved cation−π interaction
between the imidazolium cation and CIP. The emission

Figure 1. Fluorescence emission spectra of CIP (20 μM, λmax = 274 nm) in the presence of [C10mim][BF4] (A), [C10mim][Br] (B), and
[C10mim][Cl] (C).
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spectra of CIP in the presence of [C10mim][Cl] showed a blue
shift, which could be attributed to the complex formation
between CIP and [C10mim][Cl], predominantly by hydro-
phobic forces. The occurrence of a blue shift indicates that the
polarity around the drug molecule continuously changed and
the drug experienced a more hydrophobic environment.
The emission study of CIP at various concentrations of

[C10mim][BF4], [C10mim][Br], and [C10mim][Cl] and the
corresponding changes in the emission spectra were analyzed
according to the Stern−Volmer equation, given by eq 1.

= + [ ] = + [ ]
F
F

K k1 Q 1 Q0
sv q 0 (1)

where F0 and F are the fluorescence intensities of CIP in the
absence and presence of the quencher, respectively, Ksv is the
Stern−Volmer quenching constant, and [Q] is the quencher
(ILs) concentration. The linear fitting of the plot of F0/F vs IL
concentration is given in Figure 2A, and according to eq 1,
utilizing the value of slope yielded Ksv, the values of which are
given in Table 1 for all the three ILs. From Table 1, it is
revealed that the Ksv value increases in the order [C10mim]-
[BF4] > [C10mim][Br] > [C10mim][Cl].
Further, to find the type of quenching mechanism involved

in the study, we calculated the quenching rate constant (kq) for
the CIP−IL binding systems by using Ksv and the average
fluorescence lifetime (τo) value by using the relation =k K

q
sv

o
.

The τo value of pure CIP was found to be 1.14 ns as given in
Table S1. The values of kq for the binding between CIP and
[C10mim][BF4], [C10mim][Br], and [C10mim][Cl] are given
in Table 1. The values mentioned in Table 1 were found to be
higher than the value of the maximum diffusion collision
quenching rate constant (2 × 1010 L mol−1 s−1), which signifies
that the quenching was mainly being governed by a static
mechanism. This quenching mechanism was further confirmed
by time-resolved fluorescence measurements (Section 2.2).
Fluorescence binding study of CIP with different ILs revealed
that the structural change in the counterion in the IL plays a
vital role in the binding and that the BF4− anion has more

quenching ability than Br− and Cl− ions. There is a subtle
interplay of the hydrophobic and electrostatic interactions as
well as hydrogen bonding, which decides the complexation of
drug with ILs.52,53 To check the binding affinity of CIP with all
three ILs, the binding constant (Kb) and the number of
binding sites (n) were calculated by utilization of the
fluorescence emission spectroscopic study. Kb and n were
obtained from the linear fitting of the plot of log(F0 − F/F) vs
log[IL] (Figure 2B) according to eq 2.

= + [ ]
F F

F
K nlog

( )
log log Qb

0
(2)

where n is the number of binding sites, and Kb is the binding
constant. The symbols F0 and F have the same meanings as
those in eq 1.
The value of Kb was obtained by utilizing the intercept, while

the slope gave n from the linear fitting of log(F0 − F)/F vs
log[IL] plots. All of the calculated values of Kb and n for CIP
and IL interactions are summarized in Table 1. From Table 1,
it can be seen that CIP binds strongly with all three ILs.
However, IL having a BF4− ion binds strongly with CIP than
ILs having Br− and Cl− ions.54 It may be due to the greater
degree of hydrogen bonding between CIP and the BF4− ion of
the IL. Further, the average value of n per molecule is close to
1 for all three ILs, which suggests that interaction of CIP with
IL might involve 1:1 binding. Moreover, Gibbs free energy
change (ΔG) for CIP and IL interactions was calculated by
using the following relation 3.

=G RT Kln b (3)

ΔG values for all the systems are given in Table 1, and they
suggested that the complexation of CIP with [C10mim][BF4],
[C10mim][Br], and [C10mim][Cl] is spontaneous. The ΔG
value is higher for CIP-[C10mim][BF4] than for CIP-
[C10mim][Br] and [C10mim][Cl]. The unusual behavior of
[C10mim][BF4] with drug binding suggests that the drug has
more binding affinity with tetrafluoroborate counterions than
with bromide- or chloride-containing imidazolium cations.

Figure 2. Stern−Volmer plots (A) and plots of log(F0 −F/F) vs log C (B) of CIP in the presence of [C10mim][BF4], [C10mim][Br], and
[C10mim][Cl].

Table 1. Stern−Volmer Quenching Constants (Ksv), Binding Constant (Kb), Number of Binding Sites (n), and Corresponding
Gibbs Free Energy (ΔG) for CIP−IL Complexes

system Ksv(L mol−1) Kq (L mol−1 S−1) (×1010) Kb (L mol−1) ΔG (kJ/mol) n

CIP-[C10mim][BF4] 61.20 5.36 48.62 −9.62 1.00
CIP-[C10mim][Br] 41.50 3.64 33.11 −8.67 0.95
CIP-[C10mim][Cl] 25.09 2.20 25.56 −8.03 0.95
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Based on this study, we can accomplish that the interaction
between CIP and ILs is spontaneous and stabilizes largely by a
combination of hydrogen bond and hydrophobic and electro-
static forces.52,55

2.2. Time-Resolved Fluorescence Decay Studies. To
exploit the photochemical nature of drug and IL interactions,
we performed a fluorescence lifetime decay study. Fluores-
cence decay is the most reliable technique to check the

Figure 3. Time-resolved fluorescence spectra of CIP (20 μM) in the presence of [C10mim][BF4] (A), [C10mim][Br] (B), and [C10mim][Cl] (C).

Figure 4. Absorption spectra of CIP (20 μM) as a function of (A) [C10mim][BF4], (B) [C10mim][Br], and (C) [C10mim][Cl] concentration.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05100
ACS Omega 2023, 8, 42699−42710

42702

https://pubs.acs.org/doi/10.1021/acsomega.3c05100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05100?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


molecular dynamics of drug molecules in the presence of ILs in
the excited state. The alteration in fluorescence lifetime helps
in getting a clear understanding about the inflection of
photophysical properties, i.e., radiative and nonradiative,
brought about by the interaction of a drug molecule.
Fluorescence decay profiles of the drug generated from time-
correlated single photon counting (TCSPC) in the absence
and presence of IL are shown in Figure 3, and the
corresponding decay values are listed in Tables S1−S3. The
decays were found to be triexponential, which is in complete
agreement with the earlier report.56 The individual lifetimes
(τ1, τ2, and τ3) and the respective amplitudes (α1, α2, and α3)
are given in Tables S1−S3, along with the average lifetime
(τavg) of CIP in the absence and presence of all three ILs
calculated by using eq 10. The native drug, CIP (20 μM), has
τ0 equal to 1.41 ns in aqueous medium, which is almost similar
to the previously reported literature.56,57 From Tables S1−S3,
it can be observed that the τavg value of CIP is enhanced
slightly in the presence of the three ILs with increasing
concentrations. The change in the τavg value of CIP in the
presence of ILs suggests the complex formation between CIP−
IL. Further, the τavg values were utilized to gain insight into the
possible quenching mechanism involved in the interaction.
Since the τavg value of CIP in the presence of the three ILs did
not change quite significantly, the involvement of a static
quenching mechanism is observed in the system. These results
support the results obtained from the steady-state fluorescence
study. It can be ascertained that the long-chain surface active
imidazolium-based ILs have an effect on the decays of CIP as
shown in Figure 3, with similar results being reported by Chen
et al.58 The enhancement in the average lifetime of the drug
with increasing concentrations of ILs can be attributed to the
intermolecular H-bonding between the drug molecules and IL
micelles. In the protic solvent, multiple H-bonds exist between
carboxylic and keto groups of CIP and ILs’ head groups.56 The
encapsulation of the drug in the micellar core could bring
about a decrease of nonradiative decay channels by minimizing
the vibrational/rotational degrees of freedom.59,60

2.3. UV−Visible Study. Absorption spectroscopy is an
important technique for studying the interaction between the

drug and IL. To validate the steady-state fluorescence and
lifetime decay study of CIP and IL interactions, we
contemplated the electronic absorption experiment. For this
purpose, we investigated the absorption spectra of CIP (20
μM) in the presence of all the three ILs, [C10mim][BF4],
[C10mim][Br], and [C10mim][Cl]. The spectra of CIP were
scanned in the range of 230−400 nm in the absence and
presence of ILs. The aqueous solution of CIP exhibited an
intense peak at 274 nm (λmax) and a weak absorption band at
332 nm.61 No such absorption peaks were observed for ILs in
this range. The absorption band of CIP at 274 nm is due to
π−π* transition, while that at the longer wavelength is due to
n−π* transition.56 Figure 4A−C shows the absorption spectra
of CIP in the presence of the ILs [C10mim][BF4], [C10mim]-
[Br], and [C10mim][Cl] in increasing concentrations. The
absorption spectra of the drug increases in the presence of ILs,
revealing the complexation between CIP and ILs. In addition,
we have observed a red shift (274 to 278 nm) and blue shift
(332 to 328 nm) of 4 nm each in first and second spectral
bands, respectively, upon the addition of [C10mim][BF4] and
[C10mim][Br]. It signifies that upon interaction of the drug
molecules with the ILs, they entered the more hydrophobic
region from the aqueous region and showed the spectral red
shift in its absorption maxima. Meanwhile, in the case of
[C10mim][Cl], no such shift was observed in its absorption
spectra (Figure 4 C). Like fluorescence emission of CIP with
[C10mim] [Cl], absorption of the drug does not show any
spectral shift in the presence of [C10mim][Cl], indicating that
it has no effect on the ground state but an extensive effect on
the excited state. This study suggests that the ground-state
complex formation between CIP and ILs is mostly favored by
[C10mim][BF4] and [C10mim][Br]. The different behavior of
IL interactions with CIP may be due to the changes in the
nature of the chromophore, polarizability, charge distribution,
size, etc. The change in the spectra shows the interaction of the
drug with ILs and formation of a new complex between CIP
and ILs. Recently, Senthilkumar et al. studied the solubilization
and interaction of a drug with mixed Pluronic micelles by UV−
visible spectroscopy and steady-state fluorescence techni-
ques.62,63

Figure 5. Isothermal calorimetric binding of CIP with titration of (A) [C10mim][BF4], (B) [C10mim][Br], and (C) [C10mim][Cl] and their
respective calorimetric responses.
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2.4. Isothermal Titration Calorimetry Study. Isother-
mal titration calorimetry (ITC) is a powerful technique widely
used to measure the heat absorbed or generated in interactions
between two molecules. It provides important thermodynamic
parameters upon the interactions of a drug with ILs as well as
other molecules due to its ability to locate the energy absorbed
or released upon interaction of individual molecules with one
another. To determine the thermodynamic parameters and
binding stoichiometries of the drug−IL interactions, ITC
measurements were performed for CIP and IL interaction
systems. For each measurement, IL was taken in a syringe and
titrated into the cell containing the drug (CIP). The
corresponding calorimetry responses were recorded, and they
are shown in Figure 5. The top panel in this figure displays the
raw data as power (μcal s−1) vs time. The lower panel of the
figure shows the raw data in power standardized to the number
of the injectant (kcal mol−1) vs its molar ratio during the
injections of the ILs with the drug (CIP) in the cell. Figure
5A−C shows the thermograms of CIP and its interaction with
the three ILs, i.e., [C10mim][BF4], [C10mim][Br], and
[C10mim][Cl], and CIP, which yielded the thermodynamic
parameters. Table 2 shows the complete profile of thermody-
namic parameters obtained from ITC measurements, which

signifies that the interaction between CIP and ILs was
spontaneous, as observed from the free energy values.
The enthalpy change (ΔH) of the CIP-[C10mim][BF4]

interaction is more negative as compared to CIP-[C10mim]-
[Br] and CIP-[C10mim][Cl] binding. The higher enthalpy
change indicates the greater interaction of CIP with ligands
through strong hydrophobic interactions. The enthalpograms
obtained for the CIP-[C10mim][Cl] complex show not any
major change compared to the enthalpograms of CIP-
[C10mim][BF4] and CIP-[C10mim][Br] complexes. This result
can be ascribed to the difference in structural change in the
counterion. The enthalpy scales of all three ILs with CIP are
different, emphasizing the influence of the counterion in the 1-
decyl-3-methylimidazolium cation when interacting with the
drug. From Table 2, it is seen that the Ka value of CIP-
[C10mim][BF4] interaction is the highest, which suggests that
[C10mim][BF4] has greater binding affinity with CIP than
[C10mim][Br] and [C10mim][Cl]. The results indicate that
[C10mim][BF4] has more binding affinity with the drug owing
to the presence of four highly electronegative fluorine atoms
involved in attraction with the carboxylic and carbonyl
moieties of CIP. Similar results have been proposed by
Ghosh et al. for the interaction of CIP with surfactants SDS

Table 2. ITC-Derived Profile for the Interaction of CIP in the Presence of [C10mim][BF4], [C10mim][Br], and [C10mim][Cl]

parameter CIP-[C10mim][BF4] CIP-[C10mim][Br] CIP-[C10mim][Cl]

ΔH (kJ mol−1) −21.02 −11.93 −17.89
ΔS (J mol−1) 108.78 234.30 14.22
ΔG (kJ mol−1) −28.76 −28.61 −18.90
Ka (L mol−1) 1.20 1.06 0.084

Figure 6. Frontier molecular orbitals (HOMO and LUMO) and optimized geometry of CIP, ILs, and their complexation in the gaseous state at
298 K.
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and CTAB, and they agreed that electrostatic attraction plays a
vital role in the interaction between CIP and SDS/CTAB
molecules in aqueous medium.39 The associated interaction
parameters for all of the IL−CIP interactions are summarized
in Table 2, and they revealed that the binding processes are
spontaneous in nature and entropy-driven. The change in
enthalpy and entropy values signifies that the bimolecular
interaction between the drug and ILs is enthalpy−entropy-
dependent.
2.5. Density Functional Theory (DFT). The molecular

orbitals (HOMO and LUMO) play a vital role in interpreting
the stability and reactivity of a molecule upon its interaction
with other species. HOMO and LUMO are characterized by
their electron-donating and electron-withdrawing ability,
respectively.1,64 A high HOMO value implies that the molecule
is a good electron donor, whereas a lower value denotes its
weak electron-donating capacity. Therefore, the physicochem-
ical descriptors and thermodynamic parameters of the ILs,
CIP, and their complexes were calculated at different
temperatures, and they are given in the Supporting
Information (Tables S4 and S5). To predict the chemical
reactivity and stability of a molecule, we calculated the band
gap (ΔE = ELUMO − EHOMO) of all the complexes as given in
Table S5. The energy gap between HOMO and LUMO has a
substantial effect on the bioactivity and intermolecular charge
transfer. The higher the energy gap, the lesser is the reactivity
of the complex.65 Further, DFT calculations were also
performed for the drug and IL interaction at different
temperatures and media (gas and water). Figures 6 and 7
depict the HOMO and LUMO and optimize the geometry of
CLP, ILs, and their compensation in gaseous and water media,

respectively, at 298.15 K, while that for an elevated
temperature is given in Figure S1. These charge density plots
contribute to identifying the atoms involved in the interactions
between the ligand and the receptor. At 298.15 K, in the
gaseous state, the electron density is on the anion in the
HOMO and on the ring of the cation in the LUMO. But in the
case of the drug, the electron density is well delocalized
throughout the molecule. Further, on considering the
complexes of the drug with the imidazolium cation of the
ILs, the electron density is mainly localized on the drug in both
the HOMO and LUMO.
From Table S5, the values of ΔE were calculated and found

to be higher for CIP-[C10mim][BF4] as compared to those of
CIP-[C10mim][Br] and CIP-[C10mim][Cl] complexes, sug-
gesting the higher stability of CIP with [C10mim][BF4] at 298
K and the maximum reactivity for CIP-[C10mim][Br]. With
increasing temperature, the value of ΔE for CIP-[C10mim]-
[BF4] increases, revealing a high stability of the complex, even
at elevated temperature. A similar trend in results was obtained
when water was used as the medium but with a slight increase
in the values of ΔE, indicating the higher stability of the
complex in the water medium than that in the gaseous
medium.66 With water as the medium, the electron density in
the ILs does not have a regular pattern in HOMO as well as in
LUMO. In the case of [C10mim][BF4], the electron density is
on the ring in HOMO and LUMO. Meanwhile, in the case of
[C10mim][Br] and [C10mim][Cl], different patterns are
observed.
In HOMO, the electron density is on the anion, while in

LUMO, the electron density is localized on the ring of the
cation of the respective ILs. Similar results were obtained at

Figure 7. Frontier molecular orbitals (HOMO and LUMO) and optimized geometry of CIP, ILs, and their complexation in the water medium at
298 K.
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different temperatures (308, 318, and 328 K) as shown in
Figure S1.
Further, thermodynamic energies of the drug, ILs, and their

complexes are given in Table S4. From Table S4, the zero-
point energy, optimization energy, thermal energy, enthalpy,
etc., of the ILs, drug, and their complexes have been assessed in
the gaseous state as well as in water at different temperatures.
All the energies of ILs, drug, and their complexes are negative.
The negative energies of the IL−CIP complex suggest feasible
interaction between IL and CIP, which validate our
experimental results. Further, for a better understanding of
the formation of the complexes, the change in free energy was
calculated, and it is given in Table 3. In Table 3, the values are

calculated in Hartree per particle (ΔG) and, since the variation
in free energies for different complexes appeared very small,
the values are shown in kcal/mol. From these ΔG values, it can
be seen that the change in the free energy for the complexes at
298.15, 308.15, 318.15, and 328.15 K in the gaseous system is
negative, while for that in water, ΔG values for the complexes
at different temperatures were not negative. There is no
difference in the change in free energy for the formation of a
complex on considering bromide and chloride as anions in the
imidazolium cation, but a minor change is observed for
tetrafluoroborate as an anion in the IL. The negative values of
thermal enthalpy in Table S4 depict that the complex
formation of ILs with the CIP is exothermic.67

From the values mentioned in Table S5 (Supporting
Information), various physiochemical parameters, viz., EHOMO
− ELUMO, EHOMO + ELUMO, electronegativity (χ), chemical
hardness (η), chemical potential (μ), softness (S), and global
electrophilicity index (ω), were evaluated from the energies of
frontier molecular orbitals according to eqs 4−8.

= +E E( )/2HOMO LUMO (4)

= +E E( )/2HOMO LUMO (5)

= +E E( )/2LUMO HOMO (6)

=S (1/2 ) (7)

=
i
k
jjjjj

y
{
zzzzz2

2

(8)

The higher energy of the HOMO of a molecule indicates a
higher potency or its ability to donate the electron and its
higher reactivity. Therefore, [C10mim][BF4] was found to be
the most reactive in gaseous as well as in water medium at 298,
308, 318, and 328 K. Further, the lower energy of LUMO
clearly indicates its higher tendency to accept electrons and,
thus, its reactivity will be higher. The energy difference
between the HOMO and the LUMO is an important
parameter for the reactivity of a molecule. Lesser difference
in the energies of HOMO and LUMO of a molecule means
that its chemical reactivity will be higher.28,68 From Table S5,
the values of μ are observed to be negative for each case,
indicating the good stability and formation of a stable complex
between the ligand and the receptor with maximum stability
for CIP-[C10mim][BF4] in gaseous as well as water medium
and at elevated temperatures too.69 The molecular reactivity
and stability can also be established in terms of the total
chemical hardness and chemical softness. Hardness leads to
high resistance in a change of electronic distribution amid a
chemical reaction and vice versa for softness. Molecules
possessing a large band gap usually exhibit hardness and, in
turn, are more stable.65 Also, the polarizability can be related to
chemical hardness and softness. The greater the softness, the
higher the polarizability will be, and so the softness of
[C10mim][Br] is maximum among the three complexes in the
gaseous state at all the four temperatures and hence exhibits
maximum polarizability, whereas for the water medium, all
three demonstrate similar softness and, consequently, polar-
izability. Hence, from the results obtained through DFT, the
most stable complex can be derived as that of CIP-
[C10mim][BF4]. The outcomes from DFT yield a better
understanding of the reactivity of drug molecules with the
ligands, and their applications in the pharmaceutical industry
can be explored further, especially with ionic liquids for
utilizing these as better therapeutic candidates.70

3. CONCLUSIONS
The present study investigated the interaction of CIP with
three surface active ILs ([C10mim][BF4], [C10mim][Br], and
[C10mim][Cl]) by employing various techniques. The
fluorescence spectroscopy study revealed that the emission
spectra of CIP quenched in the presence of all three ILs,
attributed to the complex formation between CIP and ILs. The
complex formation was further confirmed by time-resolved
fluorescence results and suggested the involvement of a static
quenching mechanism. The proficiency of quenching for the
CIP emission was different for each IL, which may be due to
the structural differences in the counterion. The associated
binding and thermodynamic parameters calculated from the
fluorescence emission were ascribed to spontaneous complex
formation between CIP and ILs. The complexation between
CIP-[C10mim][BF4] is stronger than that between CIP-
[C10mim][Br][C10mim][Cl]. Further, interaction of CIP
with ILs was confirmed by UV−visible spectroscopic studies,
which indicated the strong binding of CIP with ILs. An
enhancement in the absorption spectra of CIP in the presence
of ILs was observed due to the ground-state complex
formation between the drug and ILs. Both the emission and
absorption spectroscopic results supported the strong inter-
action between CIP and ILs. ITC results showed that the
CIP−IL interaction is thermodynamically feasible and
enthalpy-driven. The complexation of the drug and ILs was

Table 3. Change in Free Energy for the Formation of the
Complexes in the Gaseous State and in Water at Various
Temperatures (298, 308, 318, and 328 K)

ΔG (Hartree
per particle) ΔG(kcal/mol)

complex temp. (K) gaseous water gaseous water

CIP-[C10mim][BF4] 298 −0.03 0.02 −18.82 12.55
CIP-[C10mim][Br] −0.01 0.02 −6.27 12.55
CIP-[C10mim][Cl] −0.01 0.01 −6.27 6.27
CIP-[C10mim][BF4] 308 −0.01 0 −6.27 0
CIP-[C10mim][Br] −0.02 0.01 −12.5 6.27
CIP-[C10mim][Cl] −0.01 0.02 −6.27 12.55
CIP-[C10mim][BF4] 318 −0.01 0 −6.27 0
CIP-[C10mim][Br] −0.01 0.02 −6.27 12.55
CIP-[C10mim][Cl] −0.01 0.01 −6.27 6.27
CIP-[C10mim][BF4] 328 −0.02 0.01 −12.55 6.27
CIP-[C10mim][Br] −0.01 0.01 −6.27 6.27
CIP-[C10mim][Cl] −0.02 0.01 −12.55 6.27
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further validated by classical DFT calculation in gaseous and
water media.

4. MATERIALS AND METHODS
4.1. Materials. The chemicals, namely, 1-decyly-3-methyl-

imidazolum tetrafluoroborate, 1-decyl-3-methylimidazolium
bromide, 1-decyly-3-methylimidazolum chloride, and the
drug ciprofloxacin were procured from Sigma-Aldrich, USA.
The drug solution was prepared in double-distilled water and
stirred for 5 min to ensure complete mixing. The final
concentration of the drug solution (ε = 35,900 M−1cm−1) was
assessed using an Analytik Jena Specord-250 UV−vis
spectrophotometer at 274 nm using Beer−Lambert law.17
The structures of ILs and the drug are given in Scheme 1.

4.2. Methods. 4.2.1. Steady-State Fluorescence Spec-
troscopy. Steady-state fluorescence spectroscopy measure-
ments were performed on a Cary Eclipse Fluorescence
spectrophotometer (Agilent Technology, California, United
States) using a quartz cuvette of 1 cm in path length at 298.15
K. The emission spectra of CIP were excited at 274 nm (λmax =
274 nm), and the spectra were scanned in the range of 350−
580 nm setting emission/excitation band widths at 5 nm/5
nm.45 The concentration of the drug (20 μM) was kept
constant throughout the experiment.
4.2.2. Time-Resolved Fluorescence Spectroscopy. Lifetime

measurement study was performed on a time-resolved
spectrophotometer (Horiba Scientific, Delta Flex Jobin Yvon,
technology, Glasgow, UK) equipped with a nanosecond pulse,
λmax head at 284 nm, and λmax head at 450 nm at 298 K. The
lifetime decays were measured to 10,000 counts with a band
pass of 8 nm. The emission lifetime of the drug was measured
by using time-correlated single photon counting (TCSPC) at
room temperature. The instrument response function (IRF)
was taken by using a standard probe, LUDOX solution, with a
calibration time of 114 ps. The decay curves were fitted to the
triexponential iterative program and analyzed by decay analysis
software (Horiba-EzTime software).46 The goodness of fit was
arbitrated in terms of χ2 and weighted residuals. The
experimental method of time-resolved fluorescence was the
same as that previously defined in the literature.47−49 For each
measurement, an aqueous solution of drug was excited at 284
nm (the excitation source used was 284 nm) at various
concentrations of ILs and the data were fitted according to eq
9. The concentration of the drug was kept at 20 μM
throughout the experiment.

=
=

f t a( ) exp
i

n

i
i1 (9)

where τi is the decay time, ai is the relative contribution of the
components at t = 0, and n is the number of decay time fit. The

average lifetimes (τavg) for triexponential fitting of the drug
solution at various concentrations of ILs were estimated from
the decay time (τ) and the relative amplitude (α) according to
eq 10.

= i i

i i
avg

2

(10)

4.2.3. UV−Visible Spectroscopy. The UV−visible absorp-
tion study was performed on an Analytik Jena Specord-250
spectrophotometer with quartz cells of 1 cm in path length at
298.15 K. All absorption spectra of CIP in the presence and
absence of the ILs were scanned from the 200 to 400 nm
range. A 20 μM drug concentration was used for all UV−vis
absorbance experiments.
4.2.4. Isothermal Titration Calorimetry (ITC). The

enthalpy−entropy change assisting the titration of IL solutions
with CIP was determined by a Malvern MicroCal VP-ITC,
UK, at 298.15 K. All of the measurement solutions were
degassed before each experiment to avoid the presence of
bubbles during the experiment. The titrations were performed
by adding ILs [C10mim][BF4], [C10mim][Br], and [C10mim]-
[Cl] as ligands into the cell where the drug CIP was placed.
The concentration ratio of the receptor and ligand was taken
to be 1:30 (in μM). In each experiment, the ligand was
suspended in the same buffer as CIP and 10 μL aliquots were
injected at 260 s. Experimental raw data were analyzed by
using Origin software by a three-step sequential binding model,
which could fit the data to produce various thermodynamic
binding parameters including enthalpy change (ΔH), entropy
change (ΔS), and association constant (Ka). By utilizing these
parameters, Gibbs free energy change (ΔG) and binding
constant (Ka) were calculated from eq 11.

=G H T S (11)

where T is the temperature in Kelvin.
4.2.5. Density Functional Theory (DFT). To explore the

electronic structures and the interactions between the ILs and
CIP, a DFT study was performed. The structures of ILs, drug,
and IL−drug complexes (IL−CIP) and the representation of
HOMO and LUMO were optimized and developed in the gas
phase and water phase by using the B3LYP/6-311G (d, p)
basis set on Gaussian 09 software according to the classical
DFT model. The optimization energy, zero-point energy,
thermal energy, thermal enthalpy, and free energy of the ILs,
drug, and their complexes were investigated at different
temperatures (298.15, 308.15, 318.15, and 328.15K).
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