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ABSTRACT: The exclusive properties of ionic liquids (ILs) offer
various opportunities to develop advanced materials with
appreciable therapeutic applications. Imidazolium-based ILs have
been frequently used as reaction media and stabilizers for the
development and surface functionalization of noble metal nano-
particles (NPs). This study reports the citrate-mediated reduction
of silver ions in three different ILs, that is, 1-ethyl-3-
methylimidazolium methyl sulfate ([EMIM][MS]), 1-butyl-3-
methylimidazolium trifluoromethanesulfonate ([BMIM][OTf]),
and 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ([BMIM][TFSI]). The resulting Ag-ILs NPs were
characterized using many analytical techniques, including UV−
visible spectroscopy, dynamic light scattering (DLS), scanning
electron microscopy, Fourier transform infrared spectroscopy, and X-ray diffraction (XRD). DLS and XRD characterization revealed
the negatively charged Ag-[EMIM][MS] NPs, Ag-[BMIM][OTf] NPs, and Ag-[BMIM][TFSI] NPs with mean hydrodynamic sizes
of 278, 316, and 279 nm, respectively, and a face-centered cubic structure. These hybrid nanomaterials were subjected to in vitro
antibacterial screening against three bacterial strains. The Ag-[BMIM][OTf] NPs exhibited significant activities against Escherichia
coli, Staphylococcus aureus, and Enterobacter cloacae. The lowest inhibition concentration of 62.5 μg/mL was recorded against E. coli
using Ag-[EMIM][MS] and Ag-[BMIM][OTf] NPs. Further, the density functional theory calculations carried out on the computed
Ag-ILs in the gas phase and water showed relatively stable systems. Ag-[BMIM][TFSI] exhibited the lowest Gibbs free energy
change of −34.41 kcal/mol. The value of the global electrophilicity index (ω = 0.1865 eV) for the Ag-[BMIM][OTf] correlated with
its good antibacterial activity.

1. INTRODUCTION
Various methods have been reported for synthesizing Ag
nanoparticles (NPs), and scientists have systematically been
searching for environmentally benign protocols since the
“green chemistry” concept in the 1990s.1−3 Biomass or extracts
obtained from different plant species have been widely
explored for the reduction of noble metal ions and the
stabilization of their corresponding metal NPs.4−6 At the same
time, utilizing ionic liquids (ILs) for the development of noble
metal NPs has also emerged as a green route.7,8 ILs consisting
of anions and bulky organic cations demonstrate important
characteristics, such as negligible volatility, good ionic
conductivity, and high thermal stability. These liquid salts
are identified as designer solvents since their properties can be
tailored by varying the anion−cation combination. Because of
the electrostatic interactions, hydrogen bonding, and van der
Waals forces, ILs can achieve not only a relatively high

nucleation rate of metallic NPs but also their electronic and
steric stabilization.
Ag NPs have continued to draw a lot of interest from the

scientific community owing to their inhibition effects toward a
variety of pathogenic microorganisms.9,10 These properties
depend greatly on their physical characteristics, such as particle
size, surface charge, and coating. Fourier transform infrared
(FTIR), nuclear magnetic resonance (NMR), and surface-
enhanced Raman spectroscopy suggested that the antipatho-
genic activities of Ag NPs arise from the decomposition of
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purine-related metabolites by the NPs and/or their released
Ag+ ions.11 Nevertheless, bacterial tolerance and resistance to
Ag NPs and Ag+ ions have been discussed previously.12 This
may be attributed to the extracellular polymers secreted by
numerous microorganisms or the reduced dissolution of the
Ag+ ions. The ever-growing issue about multidrug-resistant
bacteria in recent years has become an urgent public health
crisis worldwide.13,14

Numerous research papers have raised concerns about the
aggregation-prone characteristics of Ag NPs during the
colloidal synthesis in aqueous solutions as well as their
unstability in biological media.15 ILs as synthesis media can
provide physical and chemical protection to the developing
NPs, thereby improving their stability and the efficacy of the
resulted nanomaterials. It is worth noting that specific
structural features and biological activities of noble metal
NPs are every so often ascribed to coating agents on their
surface.16 It has been established that surface active ILs can
disrupt cellular structure and facilitate uptake of NPs and their
solutes into cells.17,18 Moreover, variations in the molecular
structure of the anions or cations may alter the properties of
ILs and influence the antibacterial potential of the coated
noble metal NPs.19 On account of their unique properties, ILs
have provided valuable opportunities for the development of
novel active pharmaceutical ingredients. Earlier studies
revealed that these can play an important role in preserving
or optimizing the efficacy of antibacterial drugs and pro-
drugs.20−22

Limited experimental and theoretical studies have taken up
the property enhancement of IL-stabilized Ag NPs for
antimicrobial solicitation.23 New approaches for the discovery
of antibacterial drugs are paramount to our efforts in the
continuing fight against multidrug-resistant bacteria. Earlier, we
reported the cation effects of 1-ethyl-3-methylimidazolium
tetrafluoroborate ([EMIM][BF4]) and 1-butyl-3-methylimida-
zolium tetrafluoroborate ([BMIM][BF4]) on the synthesis of
stable and biologically active Ag NPs (132 and 360 nm).24 The
chemical reduction of Ag+ ions in [BMIM][BF4] afforded
larger NPs with promising activities against Gram-negative
(G−ve) Escherichia coli and Enterobacter cloacae and Gram-
positive (G+ve) Staphylococcus aureus. This work investigates
the substituent effects of three other ILs, namely, [EMIM]-
[MS], [BMIM][OTf], and [BMIM][TFSI] (Figure 1), on the

synthesis of Ag NPs. The physicochemical properties of the
developed Ag-ILs NPs were examined, and their antimicrobial
activities were evaluated against E. coli ATCC 25922, E. cloacae
ATCC 700323, and S. aureus ATCC 25923. Density functional
theory (DFT) computations on the Ag-ILs systems were
completed in the gas phase and water to elucidate the
electronic and thermodynamic properties of the synthesized
nanomaterials, which might influence the antibacterial
activities.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Ag-ILs NPs. Sodium citrate

(Na3C6H5O7), silver nitrate (AgNO3), and ILs [EMIM][MS],
[BMIM][OTf], and [BMIM][TFSI] were acquired from
Sigma-Aldrich (JHB, South Africa). Ag+ ions were reduced
in the presence of citrate ions in [EMIM][MS], [BMIM]-
[OTf], and [BMIM][TFSI] to generate Ag-[EMIM][MS]
NPs, Ag-[BMIM][OTf] NPs, and Ag-[BMIM][TFSI] NPs,
respectively. The citrate ions acted as a strong chelating agent
and a mild reductant.25 In brief, Na3C6H5O7 (0.14 g, 0.85
mmol) in 30 mL of [EMIM][MS] and AgNO3 (0.22 g, 0.85
mmol) in 30 mL of [EMIM][MS] were stirred at 80 °C for 48
h and then allowed to cool to room temperature. Next, the
citrate solution was added dropwise to the stirred silver
solution at 40 °C, and stirring was continued for 4 h.
Subsequently, the pH of the reaction milieu was adjusted to 8.0
and the colloidal solution was centrifuged for 1 h to isolate the
Ag-[EMIM][MS] NPs. Similarly, the Ag-[BMIM][OTf] NPs
and Ag-[BMIM][TFSI] NPs were developed. All nanomateri-
als in this work were freeze-dried and stored at room
temperature.
2.2. Characterization of the Ag-ILs NPs. In this work,

we have tried to study the physicochemical attributes of the
Ag-ILs NPs with various characterization techniques. These
included UV−vis spectroscopy on a PerkinElmer UV/vis
Lambda 365 instrument, DLS (for measuring the hydro-
dynamic size, polydispersity index, and ζ-potential) using a
Malvern Zetasizer Nano ZS-90, SEM on a Zeiss Crossbeam
540 FEG-SEM microscope, FTIR spectroscopy on a
PerkinElmer spectrum 100 spectrophotometer, and X-ray
diffraction (XRD) on a Bruker Advance-D8 diffractometer
using Cu Kα radiation.
2.3. Evaluation of the Antibacterial Activities of the

Ag-ILs NPs. The antibacterial activities of the Ag-ILs NPs
were determined against three bacterial pathogens obtained
from the American Type Culture Collection (ATCC)
standard: E. coli ATCC 25922, S. aureus ATCC 25923, and
E. cloacae ATCC 700323. The bacterial strains were
subcultured on tryptic-soy agar plates for 18 h at 37 °C.
Luria−Bertani broth (10 mL) was inoculated with each colony
and then was incubated at 37 °C for 18 h with continuous
shaking at 120 rpm. To collect bacterial cells in the log phase,
100 μL of the overnight broth culture was subcultured for 3 h
at 37 °C in 10 mL of Luria−Bertani broth. The bacterial
culture was then calibrated to the 0.5 McFarland standard:
equivalent to 1 × 108 CFU/mL.

2.3.1. Determination of Minimal Inhibitory Concentration
(MIC). As indicated in the CLSI (Clinical and Laboratory
Standards Institute) laboratory manual M49-A,26 the MICs
were determined by the microplate dilution method. In this
process, different concentrations of Ag-ILs NPs and
gentamicin (positive control) were used. In brief, solutions
of Ag-[EMIM][MS] NPs, Ag-[BMIM][OTf] NPs, and Ag-
[BMIM][TFSI] NPs were prepared under aseptic conditions
in sterile distilled water to a concentration of 4 mg/mL. After
which, 100 μL of each solution was serially diluted 2-fold in
Mueller−Hinton broth using a 96-well round-bottom micro-
titer plate to obtain final concentrations ranging from 0.0079 to
1000 μg/mL. Similarly, gentamicin (Gibco), the positive
control, was 2-fold serially diluted for each bacterium to final
concentrations ranging from 0.039 to 50 μg/mL. Bacterial
suspension (100 μL), standardized to McFarland standard no.

Figure 1. Molecular structures of the ILs [EMIM][MS], [BMIM]-
[OTf], and [BMIM][TFSI].
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0.5, was added to each well. Plates were sealed and incubated
at 37 °C for 24 h. To indicate growth, 40 μL of p-
iodonitrotetrazolium violet (INT) (Sigma-Aldrich) was
added to each well. Plates were resealed and incubated at 37
°C for 30−45 min for color development. The presence of
bacterial growth was indicated by a pink/purple color, and

clear wells indicated the inhibition of bacterial growth. The
assay was performed in triplicate and repeated twice.

2.3.2. Determination of Minimal Bactericidal Concen-
tration (MBC). The dilution in the broth method was used to
calculate the MBC for the antibacterial agents.26 This
parameter was recorded as the lowest concentration of the

Figure 2. SEM micrographs of the Ag-ILs NPs.

Figure 3. Hydrodynamic size and apparent ζ-potential of Ag-ILs NPs.
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Ag-ILs NPs and gentamicin that can eliminate 100% growth of
the test organisms under the experimental conditions. In brief,
50 μL aliquots of the preparations that did not show any visible
growth after incubation during the MIC assay were added to
50 μL of INT to 100 μL of Mueller−Hinton broth. Next, the
plates were incubated at 37 °C for 24 h. The presence of
bacterial growth was indicated by a pink/red color, and clear
wells indicated the inhibition of bacterial growth. The lowest
concentration that indicated inhibition of growth was recorded
as MBC.
2.4. DFT Computations. The structures of all the ILs and

Ag-ILs were drawn using ChemDraw Professional 15.0, and
minimization of structure energy was done with Chem3D by
applying MM2.27,28 DFT calculation has been performed to
comprehend the thermodynamic properties and the delocaliza-
tion of the electron density on chemical entities. It provides
various frontier molecular orbitals, optimization energies, free
energies, and other energies to chemical entities. All the
calculations were performed by using the Gaussian 16 software
to apply the DFT/B3LYP model and LanL2DZ basic set.29−31

Different thermodynamic parameters of the ILs and Ag-ILs
were calculated in default and water, and the results were
extracted by GaussView 6.32

3. RESULTS AND DISCUSSION
3.1. SEM and DLS Measurements. The morphology of

the silver NP products was found to be dependent on the
chemical structure of the ILs. The SEM images of Ag-
[EMIM][MS] NPs and Ag-[BMIM][OTf] NPs exhibited well-
defined cubic shapes (Figure 2). On the other hand, the
morphological structure of the Ag-[BMIM][TFSI] NPs was
characterized by small quasi-spherical shapes and large plates.
A previous report by Kim and co-workers described the
formation of silver nanowires in 1-butyl-3-methylimidazolium
coupled with methyl sulfate [BMIM][MS].33

The mean hydrodynamic sizes for the prepared Ag-
[EMIM][MS] NPs, Ag-[BMIM][OTf] NPs, and Ag-[BMIM]-
[TFSI] NPs were 278, 316, and 279 nm, respectively, with
polydispersity index values between 0.34 and 0.39 (Figure 3).
As compared with the Ag-[BMIM][OTf] NPs, the Ag-
[BMIM][TFSI] NPs with a higher fluorine content displayed
a smaller particle size in accordance with the previous

literature.34 The ζ-potential values for these silver NPs at
various ILs were negative in the range of −20 to −43 mV.
These suggest the electrostatic repulsion and stability of the
Ag-ILs NPs in water. The charged ion aggregates of
[EMIM][MS], [BMIM][OTf], and [BMIM][TFSI] form
electrical double-layer structures on the surface of the
developing Ag NPs, thus ensuring their colloidal stabiliza-
tion.35 The magnitude of the ζ-potential value determines the
extent of repulsion of the NPs in the dispersion medium. The
reported ζ-potential indicates a noteworthy shift toward less
negative values for the Ag-[BMIM][OTf] and Ag-[BMIM]-
[TFSI] NPs. This may occur because of the long alkyl chain of
the BMIM+ cation and the fluoroalkyl group of the anions,
which provide hydrophobicity and amplify the electrostatic
character.36 Due to the high electronegativity of fluorine, the
C−F bonds of OTf− and TFSI− anions are polarized.
3.2. UV−Vis Absorption and XRD. The UV−vis

absorption spectra of the nanomaterials dispersed in water
were recorded, and these exhibited maximum absorption bands
in the range of 350−450 nm (Figure 4). The collective
oscillation of electron plasmon and their interaction with
incident electromagnetic radiation causes a surface plasmon
band in the UV−vis domain.37 In this light, the results
obtained for the Ag-[EMIM][MS] NPs, Ag-[BMIM][OTf]
NPs, and Ag-[BMIM][TFSI] NPs suggest that plasmonic
silver NPs were generated. Moreover, as the particle size
increased significantly in [BMIM][TFSI], the plasmon band of
the Ag-[BMIM][TFSI] NPs broadened.
The crystallization behavior was also studied through the

acquired XRD patterns (Figure 4). The three types of Ag-ILs
NPs displayed representative peaks at 2θ 27.6, 32.1, 46.5, 55.0,
57.6, 67.8, and 76.9°, which were assigned to (220), (122),
(231), (331), (241), (104), and (311) diffractions of silver,
respectively. These results demonstrated that the Ag NPs
obtained in this study were crystallized in a face-centered cubic
structure.38

3.3. FTIR. The Ag-ILs NPs were analyzed by FTIR
spectroscopy in the range of 400−4000 cm−1 to show the
coating and stabilization of silver NPs during the interaction
with ILs. The FTIR spectra recorded are shown in Figure 5. All
of the Ag-ILs NPs exhibited a broad feature in the range of
2100−3600 cm−1 attributable to hydrogen bonding between
anions and cations of the ILs. The weak transmittance peaks

Figure 4. XRD patterns and UV−vis spectra of Ag-ILs NPs.
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observed in this region were ascribed to the C−H asymmetric
and symmetric stretching of the alkyl tail on the imidazolium
cations.39 The sharp peaks located in the range of 550−850
cm−1 were due to out-of-plane bending of the imidazole ring
and its aromatic C−H. The strong peak at ∼1095 cm−1 in the
spectrum of the Ag-[EMIM][MS] NPs was assigned to the
imidazolium in-plane ring bending vibration. The S−O/S=O
bond vibration was observed in the 1050−1250 cm−1 spectral
range,40 while evidence for the C−F asymmetrical and
symmetrical stretch of OTf− and TFSI− was provided with
the presence of intense and sharp peaks at ∼1354 and ∼1592
cm−1, respectively. As compared to neat [BMIM][OTf] and
[BMIM][TFSI],39,41 the corresponding IL-stabilized Ag NPs
demonstrated a shift of C−F transmittance peaks toward
higher frequencies. This was attributed to hydrogen bonds
between the C(2)−H of the imidazolium ring and the C−F of
the OTf− and TFSI− anions. It is noteworthy that hydrogen
bonds can also form between C(2)−H of the imidazolium ring
and S=O of the MS−, OTf−, and TFSI− anions.
3.7. Antibacterial Activity. Table 1 presents the MIC and

MBC values of the Ag-ILs NPs and gentamicin. The

fluorinated Ag-[BMIM][OTf] NPs and Ag-[BMIM][TFSI]
NPs demonstrated moderate antibacterial activities against S.
aureus and E. cloacae with a common MIC value of 125 μg/mL
vs gentamicin (MIC: 0.78 and 3.13 μg/mL against S. aureus
and E. cloacae, respectively). Against E. cloacae and S. aureus,

the Ag-[EMIM][MS] NPs were considered poorly active, as
this nanomaterial displayed MIC values of 250 and 500 μg/
mL, respectively. The Ag-[EMIM][MS] NPs and Ag-[BMIM]-
[OTf] NPs inhibited the growth of E. coli with a common MIC
value of 62.5 μg/mL vs gentamicin (MIC: 0.78 μg/mL). The
Ag-[EMIM][MS] NPs exhibited MBC values of 62.5, 250, and
500 μg/mL in E. coli, E. cloacae, and S. aureus, respectively,
whereas the Ag-[BMIM][OTf] NPs and Ag-[BMIM][TFSI]
NPs afforded a common MBC value of 125 μg/mL when
tested against E. coli and S. aureus. It has been argued through
the structure−activity relationships that components of ILs can
play a key role in the antibacterial properties of IL-stabilized
noble metal NPs.42−44 Fluorine substitution may improve the
solubility and bioavailability of [BMIM][OTf] and [BMIM]-
[TFSI] coatings. Earlier investigations demonstrated that
imidazolium-containing ILs could show an inhibitory effect
on the growth of E. coli and S. aureus.42 Furthermore, the
greater repulsion between the Ag-[BMIM][OTf] NPs and Ag-
[BMIM][TFSI] NPs, as seen from DLS measurements, may
account for their pronounced antibacterial activities against E.
coli, S. aureus, and E. cloacae. Even though studies of IL
microbial susceptibility have been performed in the literature,
most of these have shown that the MIC value against E. coli is
greater than that of S. aureus.42 By contrast, the results
obtained in this study suggest that the inhibitory and potential
antibacterial mode of action is not attributable to the selected
ILs but instead the presence of Ag NPs stabilized by IL layers.
The values of MIC for S. aureus were higher than those
obtained for E. coli. This outcome is unexpected because E. coli
is a G−ve bacterium with a lipopolysaccharide-containing
outer membrane less susceptible to antimicrobial agents’
penetration, as compared to G+ve S. aureus.45,46 Conversely,
Ahmad et al.47 and More et al.48 have demonstrated that the
thinner peptidoglycan cell wall of G−ve bacteria is more liable
to Ag NPs than their G+ve counterparts. The later possess a
thick peptidoglycan layer that can act as a barrier for the cell
penetration of Ag NPs and their released Ag+ ions.49 The
antibacterial activities of Ag-ILs NPs may include (i) release of
Ag NPs and Ag+ ions, (ii) adhesion of the released
components to the cytoplasmic membrane, (iii) uptake of
the free Ag NPs and Ag+ ions by the cells, and (iv) generation
of free radicals and modulation of cell signaling pathways.50

Vibrational spectroscopy of the Ag NPs in 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF4]) has
revealed the electric double-layer characteristics of ILs in
which the cations (positively charged layer) have more
interactions with the metal surface.51 Additionally, NMR
spectroscopy has suggested that the imidazolium ring reacts
with the metal nanoclusters transiently to build surface-
attached carbenes.52 Hence, the structural organization of the
developed Ag-ILs NPs could also influence their performances.
It has been reported that the Ag NPs in 1-butyl-3-
methylimidazolium methanesulfonate ([BMIM][MS]) dis-
played larger diameters of inhibition against E. coli and S.
aureus strains at a higher dose (2000 μg/mL).53
Overall, this study demonstrates the in vitro antibacterial

potency of the ILs ([EMIM][MS], [BMIM][OTf], and
[BMIM][TFSI]) surface-functionalized Ag NPs and can
serve as a basis for the development of promising antibacterial
agents to fight against the problem of microbial drug
resistance. However, toxicity experiments and pharmacoki-
netics should be considered for the successful application of
IL-stabilized Ag NPs in medicine.

Figure 5. FTIR spectra of Ag-ILs NPs.

Table 1. Recorded MIC and MBC Values of the Ag-ILs NPs

MIC and MBC (μg/mL)

E. coli S. aureus E. cloacae

Ag-ILs NPs MIC MBC MIC MBC MIC MBC

Ag-[EMIM][MS] NPs 62.5 62.5 500 500 250 250
Ag-[BMIM][OTf] NPs 62.5 125 125 125 125 500
Ag-[BMIM][TFSI] NPs 125 125 125 125 125 250
gentamicin 0.78 0.78 3.13
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3.8. DFT. The frontier molecular orbitals and their energies
are useful characteristics for predicting the charge transfer
within a compound and assessing its reactivity.54 The HOMO
and LUMO surfaces of the [EMIM][MS], Ag-[EMIM][MS],
[BMIM][OTf], Ag-[BMIM][OTf], [BMIM][TFSI], and Ag-
[BMIM][TFSI] in the default and water systems are shown in
Figure 6. The HOMO levels consisted of orbitals from the
imidazolium ring for the neat ILs. But after the introduction of
Ag, the charge density localization shifted toward the anions of
the ILs. The Ag-[EMIM][MS], Ag-[BMIM][OTf], and Ag-
[BMIM][TFSI] had HOMO−LUMO energy gaps (EL−EH) of
0.0914, 0.18827, and 0.08052 eV in the gaseous state and
0.18035, 0.18817, and 0.14113 eV in water, respectively (Table
2). A low value of energy gap is associated with antiaromaticity
and high reactivity in chemical processes.55 The minimum
energy gap was recorded with Ag-[BMIM][TFSI] in the
gaseous state and water.
Various physicochemical descriptors were also calculated in

default and water systems, and these included the hardness
(η), softness (S), absolute electronegativity (χ), chemical
potential (μ), and global electrophilicity index (ω) (Table 2).
The hardness values for the neat ILs were greater than those
calculated for their corresponding Ag-integrated derivatives.
Thus, the later were considered more reactive56 and the order
of reactivity was Ag-[BMIM][TFSI] > Ag-[EMIM][MS] > Ag-
[BMIM][OTf]. On the other hand, the electronegativity values
increased in the order Ag-[EMIM][MS] < Ag-[BMIM][OTf]
< Ag-[BMIM][TFSI]. One of the most important quantum
chemical descriptors, the electrophilicity index, evaluates
compounds’ reactivity and site selectivity to determine toxicity
and assessing the biological activity.57 The global electro-
philicity index estimates the amount of energy lost due to
maximal electron transfer between the donor and the acceptor,
as shown by HOMO−LUMO energy values. This parameter
was used to compare the electrophilic nature of the Ag-ILs
systems. The order of the reactivity index was found to be Ag-
[BMIM][TFSI] > Ag-[EMIM][MS] > Ag-[BMIM][OTf].
The result was best correlated with the biological activities of
the synthesized Ag-ILs NPs. Marinescu et al. reported an
increase in the antimicrobial activity of benzimidazole-based
compounds with a decreasing value of ω.58
The thermodynamic properties of the neat ILs and IL-

stabilized Ag were also predicted in the default and water
system by the DFT approach. The zero-point energies, thermal
energies, thermal enthalpies, thermal free energies, optimiza-
tion energies, and dipole moments for the [EMIM][MS], Ag-
[EMIM][MS], [BMIM][OTf], Ag-[BMIM][OTf], [BMIM]-
[TFSI], and Ag-[BMIM][TFSI] are given in Table 3. The
thermal free energies for the [EMIM][MS], [BMIM][OTf],
and [BMIM][TFSI] were determined to be −695.235525,
−996.338696, and −1473.787974 hartree/particle in default
and −695.235554, −996.338649, and −1473.787741 hartree/
particle in water, respectively. After introducing Ag, the
thermal free energies of −841.227267, −1142.290925, and
−1619.776755 hartree/particle in default and −841.006988,
−1142.108287, and −1619.776195 hartree/particle in water
were recorded. These values indicate a decrease in the thermal
free energy after the introduction of Ag in ILs. Ag-
[BMIM][TFSI] showed the minimum thermal free energy in
both the default and water. Geometry optimization performed
by DFT methods provides the most stable structure on the
basis of the lowest possible ground state energy. The
optimization energies for the [EMIM][MS], [BMIM][OTf],

and [BMIM][TFSI] were computed to be −695.408422,
−996.530371, and −1473.987740 hartree/particle in default
and −695.408421, −996.530371, and −1473.987922 hartree/

Figure 6. HOMO, LUMO, and optimized geometry for the neat ILs
and Ag-ILs in the default and water system.
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particle in water, respectively. As for the Ag-[EMIM][MS], Ag-
[BMIM][OTf], and Ag-[BMIM][TFSI], the optimization
energies were −841.227267, −1142.290925, and
−1619.970363 hartree/particle in default and −695.408421,
−1142.289568, and −1619.968255 hartree/particle in water,
respectively. A comparison of the optimized geometries of Ag-
ILs showed the formation of imidazolium C−H•••Ag bonds
for the Ag-[EMIM][MS] and Ag-[BMIM][TFSI]. The OTf−

S=O−/O=S−Ag bridges were observed for the Ag-[BMIM]-
[OTf]. These findings suggest that the [EMIM][MS] and
[BMIM][TFSI] form complexes with Ag NPs by cation
interactions to the surface, while the [BMIM][OTf] is
distributed over the NP surface by anion coordination.

The dipole moment is an important parameter that gives
information about the polarity and solubility of compounds.
Among the ILs selected for this investigation, [BMIM][TFSI]
exhibited superior dipole moment in default (37.72 D) and
water (38.03 D) (Figure 7a). After the addition of Ag, a rapid
change in dipole moment was observed, and Ag-[BMIM]-
[OTf] was found to display maximum values in default (36.71
D) and water (39.47 D) (Figure 7b). This indicates that the
most potent Ag-[BMIM][OTf] NPs can release Ag NPs or
Ag+ ions with ease in the biological medium and may explain
its higher inhibitory effect against E. coli and broader spectrum
of activity. Ag+ ions play a major role in killing bacteria owing
to their ability to interact with most biomolecules (DNA,

Table 2. Quantum Chemical Descriptors for the Neat ILs and Ag-ILs in the Default and Water System

compound EH (eV) EL (eV) EL−EH (eV) EL+EH (eV) η (eV) χ (eV) S (eV) μ (eV) ω (eV)

Gaseous State
[EMIM][MS] −0.27899 −0.06880 0.21019 −0.34779 0.105095 0.173895 4.7576003 −0.17389 0.1438673
Ag-[EMIM][MS] −0.21902 −0.12762 0.0914 −0.34664 0.0457 0.17332 10.940919 −0.17332 0.3286633
[BMIM][OTf] −0.28264 −0.07287 0.20977 −0.35551 0.104885 0.177755 4.7671259 −0.17775 0.1506261
Ag-[BMIM][OTf] −0.28153 −0.09326 0.18827 −0.37479 0.094135 0.187395 5.3115207 −0.18739 0.1865241
[BMIM][TFSI] −0.29 −0.11959 0.17041 −0.40959 0.085205 0.204795 5.8682002 −0.20479 0.2461181
Ag-[BMIM][TFSI] −0.26297 −0.18245 0.08052 −0.44542 0.04026 0.22271 12.419275 −0.22271 0.6159928
Ag −0.29227 −0.00539 0.28688 −0.29766 0.14344 0.14883 3.485778 −0.14883 0.0772113

Water
[EMIM][MS] −0.27899 −0.06879 0.2102 −0.34778 0.1051 0.17389 4.7573739 −0.17389 0.1438522
Ag-[EMIM][MS] −0.27665 −0.0963 0.18035 −0.37295 0.090175 0.186475 5.5447741 −0.18647 0.192808
[BMIM][OTf] −0.28264 −0.07288 0.20976 −0.35552 0.10488 0.17776 4.7673532 −0.17776 0.1506418
Ag-[BMIM][OTf] −0.28142 −0.09325 0.18817 −0.37467 0.094085 0.187335 5.3143434 −0.18733 0.1865037
[BMIM][TFSI] −0.29028 −0.1196 0.17068 −0.40988 0.08534 0.20494 5.8589173 −0.20494 0.2460769
Ag-[BMIM][TFSI] −0.26073 −0.1196 0.14113 −0.38033 0.070565 0.190165 7.0856657 −0.19016 0.256237
Ag −0.29227 −0.0927 0.19957 −0.38497 0.099785 0.192485 5.0107732 −0.19248 0.1856515

Table 3. Thermodynamic Parameters for the Neat ILs and Ag-ILs in the Default and Water System

structure
zero-point energies
(hartree/particle)

thermal energies
(hartree/particle)

thermal enthalpies
(hartree/particle)

thermal free energies
(hartree/particle)

optimization
(hartree/particle)

dipole moments
(debye)

Default
Ag-[EMIM]
[MS]

−841.01 −840.98 −840.98 −841.06 −841.22 13.97

[EMIM]
[MS]

−695.18 −695.16 −695.16 −695.23 −695.41 21.51

Ag-[BMIM]
[OTf]

−1142.04 −1142.01 −1142.01 −1142.10 −1142.29 36.71

[BMIM]
[OTf]

−996.28 −996.25 −996.25 −996.33 −996.53 27.10

Ag-[BMIM]
[TFSI]

−1619.70 −1619.66 −1619.66 −1619.77 −1619.97 25.85

[BMIM]
[TFSI]

−1473.71 −1473.68 −1473.68 −1473.78 −1473.98 37.72

Ag −145.76 −145.75 −145.75 −145.77 −145.76 00
Water

Ag-[EMIM]
[MS]

−840.94 −840.92 −840.92 −841.01 −841.17 22.53

[EMIM]
[MS]

−695.18 −695.16 −695.16 −695.23 −695.41 21.51

Ag-[BMIM]
[OTf]

−1142.04 −1142.01 −1142.01 −1142.10 −1142.28 39.46

[BMIM]
[OTf]

−996.28 −996.25 −996.25 −996.33 −996.53 27.11

Ag-[BMIM]
[TFSI]

−1619.69 −1619.66 −1619.66 −1619.77 −1619.96 27.36

[BMIM]
[TFSI]

−1473.71 −1473.68 −1473.68 −1473.78 −1473.98 38.03

Ag −145.76 −145.75 −145.75 −145.77 −145.76 00
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membrane proteins, enzymes, or intracellular cofactors) and
disrupt cellular processes.59

Theoretically, the stabilization of Ag by ILs can be evaluated
by determining the change in the Gibbs free energy ΔGf. The
computed ΔGf for the Ag-[EMIM][MS], Ag-[BMIM][OTf],
and Ag-[BMIM][TFSI] were −131.98, 5.32, and −30.01 kcal/
mol in default and −137.77, 5.54, and −34.41 kcal/mol in
water (Figure 8). These results indicate that the formation of
the proposed Ag-ILs is more feasible in default as compared to
the water system. Moreover, the negative value of ΔGf,
calculated for Ag-[EMIM][MS] and Ag-[BMIM][TFSI],
suggests that the stabilizing processes for silver by [EMIM]-
[MS] and [BMIM][TFSI] is spontaneous. On the other hand,
the positive value for the Ag-[BMIM][OTf] system indicates
nonspontaneous developments.

4. CONCLUDING REMARKS
The development of Ag NPs stabilized by 1-ethyl-3-
methylimidazolium methyl sulfate ([EMIM][MS]), 1-butyl-3-
methylimidazolium trifluoromethanesulfonate ([BMIM]-
[OTf]) , and 1 -bu ty l - 3 -me thy l im idazo l i um b i s -
(trifluoromethylsulfonyl)imide ([BMIM][TFSI]) was con-
firmed by XRD and FTIR analyses. It was observed that

these NPs had spherical-like and nonspherical shapes depend-
ing upon the IL used for their preparation. The Ag-
[BMIM][TFSI] NPs and Ag-[BMIM][OTf] NPs demon-
strated moderate antibacterial activity (MIC: 125 μg/mL)
against S. aureus and E. cloacae. The two most potent
nanomaterials (Ag-[EMIM][MS] NPs and Ag-[BMIM][OTf]
NPs) inhibited the growth of E. coli with a common MIC value
(62.5 μg/mL). DFT calculations of the Ag-ILs systems
suggested that Ag NPs undergo interactions with the cationic
(EMIM+ and BMIM+) and anionic (OTf−) components of the
ILs. Further, the Ag-[BMIM][OTf] system displayed the
highest dipole moment in the gas phase as well as in water.
The change in ΔGf for the formation of Ag-[BMIM][TFSI]
was calculated to be the lowest among all three Ag-ILs systems
and considered to be the most stable structure. Findings from
this study may serve as a fundamental guiding opinion for the
design and synthesis of potential pharmaceutical products.
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