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lonic liquids (ILs) can be used as carriers and solubilizers as well as for increasing the effectiveness of drugs.
In the present investigation, the micellar properties of phosphonium-based ionic liquids (PILs) such as
trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate ([P666(14)][THPP]) and the effect of
carbocyclic sugar-based myo-inositol (MI) and non-steroidal anti-inflammatory drugs (NSAIDs), i.e.
ibuprofen (IBU) or aspirin (ASP), on the PIL micellar system were studied using surface tension,
conductivity, colorimetry, viscometry, FTIR, and dynamic light scattering (DLS) at a temperature of 299 +
0.5 K. The critical micelle concentrations (CMCs), particle size, zeta potential, and various interfacial
parameters were also included ie., efficiency of adsorption (pCyp), surface tension at CMC (ycmc),
minimum surface area per molecule (Amin), surface pressure at CMC (rcmc), maximum surface excess
concentration (I'max), and various thermodynamic parameters, such as standard Gibbs free energy of
adsorption (AG,

ads

), standard Gibbs free energy of micellization per alkyl tail (AGy,;), standard Gibbs free
energy of the air—water interface (AG),), standard Gibbs free energy of transfer (AG;,,,). and standard
Gibbs free energy of micellization (AG,,). The adsorption and micellization characteristics became more
spontaneous, as shown by the more negative values of AG:n and AG,y,. Viscosity-based rheological
properties were calculated for various PIL + Ml and PIL + MI + NSAID systems. According to the DLS
data, the PIL (Z = 316.4 nm) micellar system generates substantially bigger micelles in an aqueous
solution of MI + ASP (Z = 801.7 nm) than in Ml + IBU (Z = 674.7 nm). FTIR spectroscopy revealed the
interactions of PIL with Ml + ASP and MI + IBU, where it was observed that Ml + IBU shows good
agreement with the PIL system compared to M|l + ASP. The current research will have effects on

pharmaceutical sciences, molecular biology, and drug delivery.
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1. Introduction

Researchers are constantly working towards enhancing and
improving drug delivery systems to promote the bioavailability
of pharmaceuticals, reduce drug harm, and avoid adverse
effects.’™ Ionic liquids (ILs) are electrolytes (co-solvents) that
are also called fused salts.>® ILs have different kinds of asym-
metrical cations and symmetrical anions.”® ILs can form of
micellar nano-aggregates in aqueous solution when dissolved in
water, as indicated by a decrease in surface tension.*'* ILs show
unique thermal, physical, chemical and many other biological
properties, which contribute significant advantages to solving
some of the most critical issues facing emerging societies.*>**
They are clean and efficient and are potential alternatives to
volatile organic solvents (VOSs).** Phosphonium-based ionic
liquids (PILs) represent the 3™ generation of ILs, and their
versatility makes them indispensable," including good
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conductivity,”® high thermal stability,'"® chemical stability,"”
high surface activity,”® and non-flammability,"” among other
properties. PILs have rapidly established themselves in a wide
range of applications, especially as additives in cosmetics,
agrochemicals, drug delivery, and bio-extraction.>***

Myo-inositol (MI) (cyclohexane-1,2,3,4,5,6-hexol) belongs to
the cyclitols group and carbohydrates family.?*** MI is a bio-
logically active carbocyclic sugar that acts as a signal transducer
in response to hormones, neurotransmitters, and growth
factors.”* MI is a member of the inositol family, which has also
been called cyclitols and polyols.>®?® It is a primary natural
product that is abundant in nature.””*® MI is used in various
cosmetics, biochemical, pharmaceutical,
processes etc.>**°

Non-steroidal anti-inflammatory drugs (NSAIDs) help reduce
inflammation, swelling, and pain. Aspirin (ASP) and ibuprofen
(IBU) can be powerful lifesaving drugs that have been used for
centuries to treat various ailments.*"** IBU has an amphiphilic
character due to the presence of a carboxylic acid group, which
has a complete hydrophobic nature.?®** When taken regularly, it
can also help prevent heart attacks, strokes, and other

and nutritional
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cardiovascular conditions.***® ASP also has antiplatelet effects,
meaning it helps prevent blood clots.*” It can also reduce the
risk of certain cancers, such as colorectal cancer.*® It can be
used to treat several different conditions, including headaches,
migraines, back pain, menstrual cramps, rheumatoid arthritis,
and osteoarthritis.***

Currently, a few researchers have done studies on the
interaction of myo-inositol, PIL and NSAIDs. The micellization
behaviors of PIL/MI and PIL/MI/NSAIDs have many beneficial
properties and are useful in many diverse fields. Pani¢ et al.™
studied the thermal stability and structural properties of
lidocaine-based ILs, i.e., lidocaine salicylate and lidocaine ibu-
profenate, with ibuprofen and salicylic acid using viscosity,
conductivity, IR, "H-NMR, MASS, and "*C-NMR spectroscopy. By
obtaining descriptors, radial distributions, and structural
functions, one could understand the structural organization of
synthesized ILs. Branco et al.** synthesized of ILs using cations
such as pyridinium, ammonium and imidazolium with
ibuprofen as an anion. The outcome showed that ibuprofen-
based ILs have higher solubility and more effective formula-
tions. Coutinho et al.** studied the aggregation behaviour of IL-
drugs, such as [C,C;im][SCN] and [C,C;im][N(CN),] with
ibuprofen using dynamic light scattering (DLS) and molecular
dynamics simulations (MDS). As a result, the ILs significantly
increased the solubility of ibuprofen drug. Shekaari et al.**
studied the thermodynamic properties of 1-hexyl-3-
methylimidazolium bromide ([HMIm]|Br) with aspirin and
acetonitrile using viscosity, refractive indices, densities, and
speed of sound. The cause was found in the solute-solvent
interaction of aspirin and the ionic liquid.

In our previous work,” we successfully addressed the
micellar behavior of conventional surfactants, i.e., Triton X-100
(TX-100), cetyltrimethyl ammonium bromide (CTAB), and
sodium dodecyl sulfate (SDS), in the presence of carbocyclic
sugar-based myo-inositol (MI). In the present investigation, we
have studied for the first time the micellar properties of
a phosphonium-based ionic liquid (PIL), such as trihexylte-
tradecylphosphonium  bis-(2,4,4-trimethylpentyl)phosphinate
([P666(14)][THPP]) and investigated the molecular interaction
of carbocyclic sugar-based myo-inositol (MI) with non-steroidal
anti-inflammatory drugs (NSAIDs), ie., ibuprofen (IBU) and
aspirin (ASP), using FTIR, surface tension, conductivity, color-
imetry, viscometry, and dynamic light scattering (DLS) at
a temperature of 299 + 0.5 K. The particle size, zeta potential,
critical micelle concentration (CMC), and various interfacial
parameters, ie., efficiency of adsorption (pC,,), surface tension
at CMC (vcmc), minimum surface area per molecule (4pin),
surface pressure at CMC (mcmc), maximum surface excess
concentration (I'yay), and various thermodynamic parameters,
such as standard Gibbs free energy of adsorption (AG,,),
standard Gibbs free energy of micellization per alkyl tail
(AG,;), standard Gibbs free energy of the air-water interface
(AGE),), standard Gibbs free energy of transfer (AG,,,,), and
standard Gibbs free energy of micellization (AG,,), were calcu-
lated. The PIL micellar system is utilized to develop a potential
drug delivery approach for NSAIDs. Therefore, the MI + IBU
system shows good agreement with the PIL system compared to
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the MI + ASP system. The present paper deals with applications
to drug delivery, molecular biology, and pharmaceutical
sciences. Scheme 1 shows the molecular structures of PIL, myo-
inositol, ibuprofen, aspirin, and methyl orange.

2. Experimental section

2.1. Materials

Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)
phosphinate (=99.0%), myo-inositol (=99.0%), ibuprofen
(=98.0%), and aspirin (=99.0%) were purchased from Sigma
Aldrich Pvt. Ltd. India. Methyl orange (=99.9%), potassium
chloride (=99.9%), and potassium bromide (=99.9%) were
purchased from Merck Mumbai, India, and ethanol (=99.9%)
from Changshu Hongsheng, China. All the chemicals were of
good analytical grade. All the sample preparations were done
with double-distilled water. The chemical structures are dis-
played in Scheme 1.

2.2. Methods

2.2.1 Surface tension. A stalagmometer (ABGIL Borosili-
cate, India) was used to determine the surface tension of
[P666(14)[TMPP] and study the effect of myo-inositol (mM)/
NSAIDs. The stalagmometer was calibrated using double-
distilled water. The “drop counts method” was used to calcu-
late the surface tension and CMC of [P666(14)] TMPP]/MI-
NSAIDs at a temperature of 299 + 0.5 K.

2.2.2 Conductometry. A study of the CMC value of the PIL,
i.e. [P666(14)[TMPP], in the presence of myo-inositol (mM)/
NSAIDs, i.e., ASP or IBU, was performed using digital conduc-
tivity (ESICO International, India model Alpha-06). An aqueous
solution of potassium chloride (0.1 M and 0.01 M) was used to
calibrate the cell constant before each measurement. A micro-
pipette was used to gradually add [P666(14)][TMPP] solution
and the conductance was measured at a temperature of 299 +
0.5 K.

2.2.3 Colorimetry. A digital photoelectric CL 157 (Science
International Mumbai, India) colorimeter was used to investi-
gate the confirmational CMC value of [P666(14)][TMPP] in the
presence of different concentrations of myo-inositol (mM)/
NSAIDs, i.e., ASP and IBU. This technique is based on the
Beer-Lambert law. The colorimeter absorption was calibrated
using methyl orange as a probe before each measurement, and
the maximum wavelength of absorption was identified at Apax =
464 nm.

2.2.4 Viscosity. An Ostwald viscometer (ABGIL Borosilicate,
India) was used to determine the viscosity of [P666(14)][TMPP]
in the presence of different concentrations of myo-inositol
(mM)/NSAIDs, i.e., ASP and IBU. Double-distilled water (n = 1
cp) was used to calibrate the viscometer. It was cleaned and air-
dried before every use. The solution flow from the capillary for
each viscosity measurement was recorded a minimum of three
times using a digital stopwatch to check that the reproducibility
was within +0.01 s. The measurements were carried out at
a temperature of 299 + 0.5 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Structures of PIL, myo-inositol, ibuprofen, aspirin, and methyl orange.

2.2.5 Dynamic light scattering. The size of the amphiphilic
micelle was observed by dynamic light scattering (DLS)
measurement performed on a Malvern Zetasizer Advanced Pro
Blue UK (Model No. ZSU3200).

2.2.6 Fourier transform infrared spectroscopy. The Fourier
transform infrared (FTIR) (Bruker, Billerica, Massachusetts,
USA (Alpha-II)) spectra were taken for the systems of [P666(14)]
[TMPP] + MI, [P666(14)][TMPP] + MI + ASP, and [P666(14)]
[TMPP] + MI + IBU.

3. Results and discussion

3.1. Study of the micellar behavior of PIL with MI and
NSAIDs

Surface tension, colorimetry, conductometry, and DLS were used
to investigate the micellar behavior of a PIL, i.e., [P666(14)][THPP],
in the presence of myo-inositol (MI)/non-steroidal anti-
inflammatory drugs (NSAIDs), such as aspirin (ASP) and
ibuprofen (IBU). The related results obtained using conventional
and modern spectroscopic techniques reveal an extensive variety
of information about the PIL with MI and NSAIDs.

In the present investigation, we studied the CMC on
[P666(14)[TMPP] in the presence of different concentrations of
MI/NSAIDs, ie., aspirin (ASP) or ibuprofen (IBU) using surface
tension, conductivity and colorimetry measurements at 299 £
0.5 K. Table 1 and Fig. 1 show the CMC values of pure [P666(14)]
[TMPP], [P666(14)[TMPP] + MI + ASP and [P666(14)][TMPP] +
MI + IBU systems. The CMC values are significantly reduced in
the presence of MI-ASP/IBU. The MI + IBU system has a greater
impact on the PIL than MI + ASP.*

3.1.1 Surface tension. Surface tension is a frequently
employed technique for determining the characteristic properties
of surface-active components. Surface tension measurements
were carried out on [P666(14)][TMPP] in the presence of different

© 2024 The Author(s). Published by the Royal Society of Chemistry

concentrations of myo-inositol (mM)/NSAIDs, such as aspirin
(ASP) and ibuprofen (IBU) using stalagmometer measurement at
a temperature of 299 + 0.5 K. It was found that the CMC value of
native [P666(14)][TMPP] is 7.98 mM. It was observed that the CMC
value of pure [P666(14)][TMPP] is reduced in the presence MI/ASP,
ranging between 7.26 mM and 3.27 mM and similarly, that of the
MI/IBU system ranges from 6.14 mM to 1.92 mM. The values for
[P666(14)][THPP] have been significantly reduced in the presence
of MI + IBU compared to MI + ASP. Because of the polar impact of
MI and amphiphilic character of IBU, molecular interactions with
PIL to produce CMC are conceivable even at low concentrations.*”’
All these transformations are shown in Table 1 and Fig. 1.

3.1.2 Conductivity. This study began with the validation of
the PIL CMC values in the presence of MI/NSAIDs at a tempera-
ture of 299 + 0.5 K. An 8.16 mM CMC value was recorded for pure
PIL and this indicates that PIL has a surface active molecule. After
that, the changes in CMC values of PIL in the presence of different
concentrations of MI (mM)/NSAIDs, namely ASP and IBU, were
determined using a conductivity technique. In Fig. 1(C) and (D),
the conductance graph shows that as the free ions in a solution
increase, the conductance value gradually increases. It was found
that the CMC value of pure [P666(14)][TMPP] was 8.16 mM and it
decreased from 7.45 mM to 2.83 mM in the MI + ASP system, and
similarly in the MI + IBU system, it reduced from 5.95 mM to
1.61 mM. All transformations are shown in Fig. 1(C) and (D) and
the CMC data are represented in Table 1.*®

3.1.3 Colorimetry. Further conformational analysis of the
CMC values of [P666(14)][TMPP] was undertaken using a color-
imetry method. It was found that the CMC value of pure PIL is
7.98 mM, which reflects its amphiphilic character. After that,
the changes in CMC values of the PIL in the presence of
different concentrations of MI (mM)/5 mM of NSAIDs, i.e., ASP
or IBU, were determined using a colorimetry method. In this
study, methyl orange was used as a probe to capture the

RSC Adv, 2024, 14, 2961-2974 | 2963
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Table 1 CMC values of [P666(14)][THPP] in the presence of MI/NSAIDs

CMC (mM)

ASP (5 mM) IBU (5 mM)
Myo-inositol
(mM) Surface tension Colorimetry Conductivity Surface tension Colorimetry Conductivity
Water 7.98 £+ 0.02 7.98 + 0.02 8.16 £ 0.04 7.98 + 0.01 7.98 £ 0.01 8.16 £+ 0.02
0.5 7.26 = 0.01 7.26 = 0.01 7.45 + 0.04 6.14 £+ 0.02 6.20 £+ 0.02 5.95 + 0.04
1.0 5.75 £ 0.02 5.56 + 0.01 5.36 £ 0.03 4.12 £ 0.02 4.13 £ 0.02 4.34 £ 0.03
2.0 3.27 £ 0.02 3.05 + 0.01 2.83 + 0.02 1.92 £+ 0.02 1.92 £+ 0.01 1.61 + 0.03

absorption spectra of [P666(14)][TMPP] with MI and ASP/IBU. It
was found that the CMC value of pure [P666(14)][TMPP] was
7.98 mM, and it reduced from 7.26 mM to 3.05 mM in the
presence of the MI + ASP system and similarly the values for the
MI + IBU system varied between 6.20 mM and 1.92 mM. All
transformations are shown in Fig. 1(E) and (F) and the CMC
data are represented in Table 1. Che et al.* performed on-site
monitoring of trihexyl(tetradecyl)phosphonium fluorescein
ionic liquid to trace SO, gas using fluorescent and colorimetric
methods. According to the findings, colorimetric dual-signal
chemosensors might be employed as smart paper labels for
on-site, continuous monitoring of SO, levels in the
environment.

3.2 Study of the interfacial parameters of PIL with M1/
NSAIDs

Various interfacial properties, i.e.,, maximum surface excess
concentration (I'ya), minimum surface area per molecule

(Amin), surface tension at CMC (ycwmc), surface pressure at CMC
(memc), and efficiency of adsorption (pC,,) of [P666(14)][TMPP],
[P666(14)][TMPP] + MI + ASP and [P666(14)][TMPP] + MI + IBU
systems, were calculated using eqn (1)—(4), respectively:

1 dy
Finax = (2,303nRT) (d logy, c> Tp ()
A = (=) )
min — Fmax A
TCMC = Y0 — YCMC (3)
pCs = —logio Cao (4)

The calculated interfacial data are shown in Table 2. I'pax
values of the higher surface activity in the MI + IBU compared to
the MI + ASP system. Because of the amphiphilic nature of IBU,
which together with MI leads to a tendency for PIL molecules to
build up at the air-water interface, among the major group PIL
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Fig. 1

[A] Plots of surface tension (y) versus the logarithm of [P666(14)][TMPP] concentration (M) in the presence of ASP. [B] Plots of surface

tension (y) versus the logarithm of [P666(14)][TMPP] concentration (M) in the presence of IBU. [C] Plots of specific conductance (k) versus
concentration of [P666(14)][TMPP] (mM) in the presence of ASP. [D] Plots of specific conductance (k) versus concentration of [P666(14)][TMPP]
(mM) in the presence of IBU. [E] Plots of absorbance versus concentration of [P666(14)][TMPP] (mM) in the presence of ASP. [F] Plots of
absorbance versus concentration of [P666(14)][TMPP] (mM) in the presence of IBU.
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and MI will be more effective due to the counter-ion-polar
interaction.” The A, values of [P666(14)][TMPP] + MI + ASP
and [P666(14)][TMPP] + MI + IBU rose when a mixed solution
formed a loose mixed monolayer at the surface. However, the
influence of MI + IBU was revealed, due to which the available
surface area for PIL molecules was diminished. The highest
values of mcyc in MIFIBU indicate more effective adsorption at
the interface of PIL due to the cation-anion repulsion of IL
being larger than the cation-anion repulsion of ASP.

Thus, the larger hydrophilic head part of the system will exhibit
greater repulsion at the interface. The pC,, value shows the
adsorption effectiveness at the air/water interface of the [P666(14)]
[TMPP] + MI + ASP and [P666(14)[TMPP] + MI + IBU systems. The
pCyo value is following decreasing order: MI + IBU > MI + ASP. As
previously reported, our research group (Banjare et al.*") examined
the physicochemical properties of sodium dodecyl sulfate (SDS)
and Triton X-100 with trihexyltetradecylphosphonium bis(2,4,4-
trimethylpentyl)phosphinate ionic liquid and further used these
systems to explore combinations with paracetamol (PCM) for
potential benefit with the help of surface tension, FTIR, colorim-
etry, and viscometry techniques. The outcome of the study is that
the Triton X-100 system exhibits higher binding affinity for PCM
drugs than the SDS system.

3.3 Study of the critical packing parameter of PIL with MI/
NSAIDs

The critical packing parameter (P) of PIL [P666(14)][TMPP],
[P666(14)][TMPP] + MI + ASP and [P666(14)][TMPP] + MI + IBU
systems was calculated by using eqn (5)-(7).

Vo
P=
Aminlc (5)
Vo = (27.4 + 26.9C,) A® per hydrocarbon chain (6)
I. = (1.5 + 1.265C,) A per hydrocarbon chain (7)

The value of P is =0.33 for a spherical micelle. The mixed
systems of MI + ASP and MI + IBU with PIL show that the shape
of the aggregate system changes from globular to spherical with
increasing concentration.” All the transformations are reported
in Table 2 and Fig. 2.
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3.4 Study of the thermodynamic parameters of PIL with M1/
NSAID

The molecular adsorption and micellization behavior, ie.,
degree of micellar ionization («), counter-ion binding (8),
standard Gibbs free energy of transfer (AG,,,,), standard Gibbs
free energy of adsorption (AG, ), standard Gibbs free energy of
micellization (AG,,), standard Gibbs free energy of the air-
water interface (AGS‘&H), and standard Gibbs free energy of
micellization per alkyl tail (AG,;), were calculated for
[P666(14)][THPP] in the presence of different concentrations of
MI/ASP/IBU at a temperature of 299 + 0.5 K and the data are
shown in Table 3. All the thermodynamic parameters were
computed with the help of eqn (8)-(13).

AYS

=2 8
o= ®)

o 554
AG., = AGy, — “MC (10)
AG:rans = AGIi/I(sc»lvems mixed media) AG;\/l(pure water) (11)
AGY), = Amin X Yeme X Na (12)

o AG,

AGm,tail = 2M (13)

The « value shown by the PIL + MI + IBU system undergoes
a comparatively higher change than the PIL + MI + ASP system.
An accumulation of counter-ions on the polar shell of the
micelle, along with the electrostatic attraction between negative
and positive charges, happens due to hydrogen bonding
between MI and its phosphonium ion, as shown in Scheme 2.
The AG,, of the [P666(14)][TMPP] + MI + ASP and [P666(14)]
[TMPP] + MI + IBU systems show negative values and are quite
similar for both systems. This shows that the micellization
process is spontaneous.® The AG, . of MI-ASP/IBU also indi-
cate a spontaneous micellization process in the system of PIL.
The maximum AG,,, negative value was recorded in the PIL +

Table2 Various interfacial parameters, i.e., surface tension (y), surface pressure at CMC (rcme), efficiency of adsorption (pCxg), minimum surface
area per molecule (Anin), and maximum surface excess concentration (I'may) of [P666(14)[[THPP] with MI/NSAIDs

Myo-inositol (mM) Yeme (MN m™Y) T'max (mol m~?) 10° Amin (m* mol™) Teme (MN m™1) PCao CPP (P)
ASP (5 mM)

Water 34 £ 0.05 3.08 + 0.07 53.89 + 0.08 38 £ 0.05 2.60 + 0.05 0.40 £+ 0.03
0.5 35 £ 0.04 2.49 + 0.05 66.67 £+ 0.09 37 £ 0.03 2.73 + 0.06 0.32 + 0.08
1.0 36 £ 0.06 2.46 + 0.03 67.24 £ 0.04 36 £ 0.06 2.80 + 0.07 0.32 + 0.04
2.0 37 £ 0.03 2.79 + 0.06 59.39 + 0.06 35+ 0.05 2.95 £ 0.08 0.36 £ 0.06
IBU (5 mM)

Water 34 + 0.05 3.08 £+ 0.04 53.89 + 0.04 38 + 0.09 2.60 £+ 0.02 0.40 £+ 0.07
0.5 32 £ 0.06 2.51 + 0.05 66.10 £+ 0.05 40 £ 0.06 2.90 + 0.05 0.32 + 0.08
1.0 30 £ 0.08 2.80 + 0.09 59.21 + 0.08 42 £ 0.04 3.07 = 0.08 0.36 &+ 0.04
2.0 28 £ 0.07 1.65 £ 0.08 100.51 £ 0.07 44 £ 0.05 3.98 + 0.06 0.21 £+ 0.03
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[P666(14)][THPP] + MI + IBU.

MI + IBU system compared to PIL + MI + ASP, as shown in Table
3. When employing PIL-ASP/IBU with various MI concentrations
(mM), the AG,,, have proven to be more advantageous for
forming bulk-phase assemblies. It has been established that
AG,,,, indicate micellization of PIL in mixed environments and
that in their important interactions with ASP and IBU in
increased concentrations of MI (mM), the AG,,,, . have shown
a more negative trend in the PIL + MI + ASP system compared to
PIL + MI + IBU.

A greater change in the AG®) value at the air-water interface
was seen as the bulk phase changed to the surface phase of the
PIL + MI + IBU system. Due to the lowest free energy, the air-
water interfaces have excellent thermodynamic stability. In PIL,
the AG,, ., is out of contact with solvent mixtures. Based on the
standard Gibbs free energy exchange between pure water and
PIL, it has been established that MI-ASP/IBU produces a sol-

vophobic effect.>*

3.5 Study the viscosity of PIL-MI with NSAID systems

Viscometry is a reliable technique for testing the quality of drugs
and it is used significantly to test the conformational and rheo-
logical changes in solvents that exhibit viscosity characteristics.
The initially different viscosity parameters, such as relative,
reduced, and intrinsic viscosity, were determined for [P666(14)]

[TMPP] at different concentrations of MI (mM) solution. Similarly,
the rheological parameters of [P666(14)][TMPP] in the presence of
MI-ASP/IBU systems were investigated using the viscosity
method. The relative viscosity of [P666(14)][TMPP] with MI-ASP/
IBU systems was identified from eqn (14). The 7.q was calcu-
lated from eqn (15) and (16).

Ns

nr = 14
n (14)

Nsp
o= 2P 15
Mred C ( )
Nsp = Mr — 1 (16)
[n] = lim 22 (17)

c-o0C

The [n] of each system was calculated from eqn (17). For the
activity on the [P666(14)][TMPP] + MI + ASP and [P666(14)] TMPP]
+ MI + IBU systems, the raised [n] value indicates that the micelle
of bulky phosphonium ions has stretched at high MI concentra-
tions. According to Fig. 3(F), increasing [n] values near the
inflection point at 0.5 mM suggest that PIL expansion has formed
micelles. Stronger electrostatic attraction is the most likely cause
of this expansion of conformation.> At this stage, the MI-ASP/IBU

Table 3 Various calculated thermodynamic parameters of [P666(14)][TMPP]-MI/NSAIDs, such as aspirin (ASP) or ibuprofen (IBU) at a temper-

ature of 299 + 0.5 K

Myo-inositol (mM) « g AG,, (k] mol™) AG, (k] mol™) AG,, (k] mol™) AGHL, (kj mol ") AG, . (k] mol™)
ASP (5 mM)

Water 0.14 +0.02 0.86 = 0.02 —22.29 £ 0.02 —34.63 £ 0.02 — 11.03 £ 0.01 —11.14 + 0.02
0.5 0.18 + 0.03 0.82 + 0.03 —22.34 £+ 0.02 —37.20 + 0.02 —0.08 £ 0.02 14.05 + 0.04 —11.17 + 0.03
1.0 0.17 £ 0.05 0.83 £ 0.05 —23.54 £ 0.02 —38.17 £ 0.01 —1.27 £ 0.02 14.57 £ 0.02 —11.77 £ 0.03
2.0 0.15 + 0.03 0.85 + 0.01 —26.58 &+ 0.01 —39.13 + 0.01 —4.32 £+ 0.02 13.23 £ 0.02 —13.29 + 0.02
IBU (5 mM)

Water 0.14 +£ 0.01 0.86 £ 0.02 —22.29 + 0.02 —34.63 £ 0.03 — 11.03 + 0.01 —11.14 £ 0.01
0.5 0.19 + 0.03 0.81 +0.04 —22.98 £+ 0.03 —38.91 + 0.01 —0.68 £ 0.02 12.73 £+ 0.02 —11.49 + 0.02
1.0 0.23 £ 0.05 0.77 £ 0.05 —24.21 £ 0.02 —39.21 £ 0.02 —1.91 £+ 0.03 10.69 + 0.01 —12.10 + 0.03
2.0 0.34 £ 0.02 0.66 £ 0.03 —25.89 £ 0.02 —52.56 £ 0.01 —3.59 £ 0.02 16.94 £ 0.01 —12.94 £ 0.01
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Scheme 2 A systematic representation of different bonding and molecular interactions of [A] [P666(14)[[TMPP] + MI + ASP and [B] [P666(14)]

[TMPP] + MI + IBU.

system may be thought of as consisting of micelles that have been
linked to [P666(14)|[THPP]. Each parameter has been transformed
and is shown in Fig. 3.

3.6 Study of dynamic light scattering of PIL with MI/NSAIDs
systems

Dynamic light scattering (DLS) is a prominent technique for
particle size analysis of the micellar system of PIL [P666(14)]

© 2024 The Author(s). Published by the Royal Society of Chemistry

[THPP] and that mixed with 2 mM concentration of MI,
respectively, and the data are reported in Table 4 and Fig. 4. DLS
analyzed the micellar aggregates of [P666(14)][THPP] + MI +
ASP, [P666(14)][THPP] + MI + IBU and the size was determined
by the hydrodynamic diameter. The average radius of the
[P666(14)[THPP] + MI + ASP system shows a polymodal distri-
bution and its hydrodynamic radii (R;,) are 169.9, 893.8, 5468
(d.nm) and PDI = 0.7693. The average radius of the [P666(14)]
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Fig. 3

[A] Plots of relative viscosity (,) versus concentration of [P666(14)][TMPP] (mM) with ASP NSAIDs in the presence of myo-inositol (Ml)

(mM). [B] Plots of relative viscosity (1,) versus concentration of [P666(14)][TMPP] (mM) with IBU NSAIDs in the presence of myo-inositol (MI) (mM).
[C] Plots of reduced viscosity (n,eq) versus concentration of [P666(14)][TMPP] (mM) with ASP NSAIDs in the presence of myo-inositol (MI) (mM).
[D] Plots of reduced viscosity (n,eq) versus concentration of [P666(14)][TMPP] (mM) with IBU NSAIDs in the presence of myo-inositol (MI) (mM).[E]
Intrinsic viscosity [n] vs. concentration of [P666(14)][[THPP] (mM) with ASP in the presence of 2 mM concentration of MI, [F] intrinsic viscosity [n] vs.
concentration of [P666(14)][THPP] (mM) with IBU in the presence of 2 mM concentration of MI.

[THPP] + MI + IBU system shows a bimodal distribution and the
hydrodynamic radii (R,) are 79.88, 420.2 (d.nm) and PDI =
0.5053. In general, the findings of the studies indicate that
micelle-like aggregates can develop even when MI is present.>

3.7 Zeta potential study of PIL-MI with NSAID systems

The difference in the micellization potential value of [P666(14)]
[THPP] in aqueous solution and MI-ASP/IBU systems was
determined using the DLS technique and the zeta potential ()
value of [P666(14)][THPP] is observed at —16.79 mV. We
measured the zeta potential diffuse and Stern layers of a parti-
cle's surface charge and their relationship with dispersed
aggregation. Fig. 5 and Table 4 show the zeta ({) potential data
of pure [P666(14)][THPP], [P666(14)][THPP] + MI + ASP and
[P666(14)][THPP] + MI + IBU systems.

The value of { potential (mV) significantly changes to
a negative value with the addition of MI on [P666(14)][THPP]
when the { value changes from —16.79 mV to —28.70 mV; with
the MI + ASP system, the { value is changed from —16.79 mV to
—27.87 mV and the MI + IBU system, the { value is changed

Table 4 Z-Average, Ry, (nm), PDI and zeta potential () values of pure
and 2 mM concentrations of MI/(ASP/IBU) with [P666(14)][THPP]

Micellar systems PIL ~ PDI Ry, (nm) Z-Average { (mV)
Water 0.6279 267.2, 5468 316.4 —16.79
2 mM MI 0.9286 125.6, 768.5, 5468 563.2 —28.70
2mM MI+5mMASP 0.7693 169.9, 893.8, 5468 801.7 —27.87
2mM MI +5 mMIBU 0.5053 79.88, 420.2 674.7 —19.59

2968 | RSC Adv, 2024, 14, 2961-2974

from —16.79 mV to —19.59 mV. The micellar system PIL + MI +
ASP exhibits substantial electrostatic stabilization due to its
high negative charge. A system-charged species distribution
may have contributed to the observed significant electrostatic
stabilization. Consequently, the outcome of every system has
exhibited diverse particle morphologies that self-assemble as
a result of a decrease in negative { potential values.>”

3.8 FTIR study of PIL with MI and NSAID

The FTIR technique may provide significant information
about the molecular interaction of native PIL, i.e. [P666(14)]
[TMPP] and mixed systems of myo-inositol, and ASP/IBU. IR
band shifts are reported in both systems due to different types
of possible molecular interaction between the PIL with MI
and NSAIDs, indicating the formation of various bonds
through out the system, such as m-bond-cation interaction,
hydrogen bonding, electrostatic interactions, hydrophobic
interactions, and van der Waals interactions, as shown in
Scheme 2. The stretching frequency of native and mixed IR
spectra is summarized in Table 5. Banjare et al.>® explored the
formation of an inclusion complex (IC) between trihexylte-
tradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate
and B-cyclodextrin and further binding of paracetamol drug
with the help of FTIR and UV-visible spectroscopy. The
outcome is that the IC has significantly improved the binding
capacity of the paracetamol drug.

3.8.1 IR spectra of native [P666(14)][TMPP]. The IR spectra
of pure PIL [P666(14)][TMPP] data are shown in Table 5. The
small [O-H] stretching bands of PIL are observed at 3682 cm ™"

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and 3175 cm ™. The sharp peak of [O-H] bending is observed at
1364 cm ™. The long-chain symmetric and asymmetric [C-H]
stretching bands are observed at 2925 cm ™' and 2854 cm ™. The
phosphonium ion [P=0] stretching bands are observed at
1166 cm ' and 1024 cm~'. The phosphonium ion [P-O-P]

© 2024 The Author(s). Published by the Royal Society of Chemistry

stretching band is observed at 1654 cm ™"

chain [C-H] in-plane bending of PIL is observed at 1463 cm™
and [C=C] bending is observed at 806 cm .
3.8.2 IR spectra of native aspirin and ibuprofen. The

NSAIDs of pure aspirin and ibuprofen spectra are shown in

. The long carbon
1
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[A] Zeta potential ({) data of [P666(14)][THPP] with 5 mM ASP in the presence of 2 mM myo-inositol (Ml). [B] Zeta potential ({) data of

[P666(14)I[THPP] with 5 mM IBU in the presence of 2 mM myo-inositol (MI).

Table 5 and Fig. 6(B) and (D). The carboxylic group containing
[0-H] stretching (broad) bands are observed at 2831 cm™ ' and
2699 cm ' for ASP and 3783 cm ™%, 3679 cm ™%, and 3092 cm ™!
for IBU. The symmetric and asymmetric [C-H] stretching bands
are observed at 2547 cm ™" for ASP and at 2952 cm ™', 2921 cm ™
and 2870 cm ™' for IBU. The sharp peak [O-H] bending is
observed at 1305 cm ™" for ASP and at 1231 cm ™' for IBU. The
carboxylic and ester group with [C=O0] stretching bands are
observed at 1745 cm ™" and 1676 cm ™" for ASP and 1708 cm ™"
for IBU. The aromatic methylene ring containing [C-H] bending
is observed at 1455 cm ™" for ASP and at 1422 cm ™" for IBU. The
[C-O] stretching band is observed at 1182 cm™" for ASP and at
1006 cm " for IBU. The aromatic ring [C=C] bending spectra
are observed at 835 cm ™' and the [C-H] bending (disubstituted

2970 | RSC Adv, 2024, 14, 2961-2974

! and

benzene) is observed at 754 cm™ " for ASP and at 860 cm ™~
777 em ™! for IBU.

3.8.3 IR spectra of the mixed [P666(14)][TMPP] + MI + ASP
system. FTIR spectra of [P666(14)][TMPP], MI and ASP systems
are shown in Fig. 6(A) and Table 5. The [O-H] stretching band is
observed at 3682 cm ' and is shifted to 3666 cm ™', which
indicates a 26 cm ™" shift in IR frequency. The [O-H] bending is
observed at 1364 cm ' and is shifted to 1301 cm ', which
indicates a 63 cm ' shift in IR frequency. The long-chain
symmetric and asymmetric [C-H] stretching bands are
observed at 2925 and 2854 cm ™" and are shifted to 2926 cm™*
and 2858 cm ™"
frequency, respectively. The carboxylic and ester groups with
[C=0] stretching bands are observed at 1745 cm ' and

, which indicates 1 ecm™* and 4 cm™* shifts in IR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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IR absorption bands of [P666(14)][TMPPI, ASP, IBU, [P666(14)I[THPP] + MI + ASP and [P666(14)][THPP] + MI + IBU

Wavenumber (cm )

[P666(14)][ TMPP] [P666(14)][ TMPP]

Functional group [P666(14)][TMPP] pure ASP pure + MI + ASP IBU pure + MI + IBU
[0-H] stretching bands 3682 — 3666 3783 3778

3175 3679 3456
[0-H] bending 1364 1305 1301 1231 1220
[C-H] stretching bands 2925 2547 2926 2952 2923

2854 2858 2921 2859

2870
[C=0] stretching bands — 1745 1664 1708 1710
1676 1600

[c-0], [C-0-C], [P=0] stretching bands 1166 1182 1111 1006 1091

1024 1027 1049
[C-H] bending 1463 1455 1469 1422 1470
[C=C] bending 806 835 848 860 857
[C-H] bending (disubstituted benzene) — 754 757 777 809

1676 cm ™" and are shifted to 1664 cm™* and 1600 cm ™, which
indicates 81 cm " and 76 cm " shifts in IR frequency, respec-
tively. The [C-O] stretching band is observed at 1182 cm ™" and
is shifted to 1111 em™ and 1027 cm™!, which indicates
a 71 cm™ ' shift in IR frequency. The long carbon chain [C-H]
bending is observed at 1463 cm™ " and is shifted to 1469 cm ™',
which indicates a 6 cm™" shift in IR frequency. The [C=C]
bending is observed at 806 cm ' and is shifted to 848 cm ™,
which indicates a 42 cm™ " shift in IR frequency. The [C-H]
bending (disubstituted benzene) is observed at 754 cm ™" and is
shifted to 757 cm™ ', which indicates a 3 em™" shift in IR
frequency.

3.8.4 IR spectra of the mixed [P666(14)][TMPP] + MI + IBU
system. FTIR spectra of [P666(14)][TMPP], MI and IBU are
shown in Fig. 6(C) and Table 5. The [O-H] stretching bands are

observed at 3783 ecm™ ', and 3679 cm™' and are shifted to
3778 em™" and 3456 cm™ ', which indicates 5 em™" and big
223 cm™ ! shifts in IR frequency. The [O-H] bending is observed
at 1364 cm™ " and is shifted to 1220 cm ™, which indicates a big
144 cm ™' shift in IR frequency. The long-chain symmetric and
asymmetric [C-H] stretching bands are observed at 2952 cm ™,
2921 em™ ', and 2870 cm ™! and are shifted to 2923 em™" and
2859 cm ™, which indicates 29 em ™" and 11 cm™! shifts in IR
frequency. The carboxylic group [C=O] stretching band is
observed at 1708 cm ™' and is shifted to 1710 cm™*, which
indicates a 2 cm™" shift in IR frequency. The [C-O] stretching
bands are observed at 1166 cm™ ' and 1024 cm ™" and are shifted
to 1091 cm™* and 1049 cm™*, which indicates 75 cm™' and
25 ecm ! shifts in IR frequency. The long carbon chain [C-H]

bending is observed at 1463 cm™ " and is shifted to 1470 ecm ™,
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Fig. 6 FTIR spectra of [A] [P666(14)][TMPP] + MI + ASP, [B] ASP, [C] [P666(14)[[TMPP] + MI + IBU, and [D] IBU.
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which indicates a 7 em™" shift in IR frequency. The [C=C]
bending is observed at 806 cm™ "' and is shifted to 857 ecm™,
which indicates a 51 cm™" shift in IR frequency. The [C-H]
bending (disubstituted benzene) is observed at 754 cm™ ' and is
shifted to 809 cm™!, which indicates a 55 cm™" shift in IR
frequency.

Ultimately, PIL interaction with MI and ASP/IBU can break
down and modify of the hydrogen bond structure. Numerous
hydrogen bonds are produced in the ASP, and IBU has OH™
and -COO™ groups. The interaction between PIL and MI/IBU,
shown the IR frequency are 223 cm ™' and 144 cm ™~ *. The OH ™~
and -COO™ polar groups of myo-inositol synchronize with
hydrogen bonding when the ASP/IBU bind with phospho-
nium ions. These possible molecular interactions are shown
in Scheme 2. The C-O stretching bands in the ASP exhibit two
strong peaks at 1745 em ™' and 1676 cm ™', and they display
two broad bands at 1664 cm ' and 1600 cm ' following
irradiation. The C-O stretching bands in the case of IBU have
bandwidth at 1710 cm ™" following irradiation, but the first
feature is a strong peak at 1708 cm™'. PIL radiation also
results in significant changes in C-O vibrations, suggesting
that radiation-induced distortion of the C-O-containing
hydrogen bond networks occurred. These findings suggest
that when the two samples were exposed to radiation, the
hydrogen bond structure dissolved and reorganized. The
fingerprint region underwent changes in the peak locations
of many bands as well as a shift in the relative intensity. The
1470-1469 cm ™' band experienced the relative intensity at
the 1455-1422 cm™ ' band has risen. The C=C bending
shown the IR frequency is 835 cm™ " and 860 cm™ ' regions
and is shifted to 848 cm™" and 857 cm ™", respectively.

4. Conclusions

The molecular interaction of a phosphonium-based ionic liquid
(PIL) such as trihexyltetradecylphosphonium bis(2,4,4-
trimethylpentyl)phosphinate ([P666(14)][THPP]) with myo-
inositol (MI) and NSAIDs, i.e., aspirin (ASP) and ibuprofen
(IBU), was studied with the help of surface tension, conduc-
tivity, colorimetry, viscometry, dynamic light scattering (DLS)
and FTIR techniques. The CMC value of PIL is decreased with
an increasing the concentration of MI (mM), and its highest
impact was at 2.0 mM of MI, and similar types of results were
observed with the MI-ASP/IBU system. The conformational
study of CMC dealt with conductometry, colorimetric and DLS
methods. The spontaneity of the micellization and adsorption
processes of different systems was due to changes in more
negative AG,, and AG,, values. Rheological parameters, such
as relative, reduced and intrinsic viscosity, were revealed for the
PIL with various concentrations of MI-ASP/IBU systems by
viscometry. The PIL + MI + IBU system has a more viscous and
elastic tendency, as shown by this rheological measure, which
suggests the stability of the system. The FTIR data showed that
the MI + IBU system has good agreement with PIL compared to
MI + ASP. MI has been utilized as a co-solvent for the entire
system that can help bind PIL and NSAIDs. In agreement with
the FTIR and DLS results, it was shown that PIL with MI-ASP/
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IBU causes compositional changes. Consequently, we may say
that using an appropriate PIL will help have a positive impact on
drug delivery and reduce the deficiencies of drugs. The current
research will have effects on pharmaceutical sciences, molec-
ular biology, and drug delivery.
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