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A B S T R A C T   

Thermochromic also solvatochromic ionic liquid surfactant was synthesized and characterised. The surface ac-
tivity, size and stability were estimated by surface tension, SEM and DLS techniques. Inclusion complexes 
construction of the synthesized compound with the β-cyclodextrin and derivative was explored by various 
techniques. Conductance, surface tension trial & Jobs obtained from the UV–vis spectra proved the formation of 
1:1 inclusion complexes between the surfactant and cyclodextrins. Binding constants and thermodynamic pa-
rameters of the inclusion of the guest DMPI with both hosts were determined with UV–vis and sophisticated 
fluorimetric analysis. Anti bacterial properties of DMPI and its both inclusion complexes were analyzed.   

1. Introductions 

Ionic liquids (ILs) are basically organic nano structured molten salts 
having cationic organic part and anionic inorganic or organic counter-
part [1] ILs have large diversity of unique physical and chemical char-
acters such as non-flammability, minor vapour pressure, ability of 
dissolving large variety of compounds, high electrical conductivity, 
widely recognized liquid range etc. [2–6]. 

The all-round and useful properties of ILs have been documented in 
the current millennium; this led to a speedy escalation in the number of 
basic research on ILs. Eventually, it was recognized that these properties 
should also be applied to compounds that carry lengthy hydrocarbon 
chains, i.e., compounds with surface activity [7,8]. 

β-cyclodextrin (β-CyD) is made up of glucopyranosyl units attached 
to α-1,4-glycosidic linkages. β-CyD has broad uses in biomedical, phar-
maceutical and other field of sciences e.g. for its good bioavailability, 

safety, stability, as a solubility enhancer and efficient carrier of the 
suitable guest molecule [9,10]. 

Though β-cyclodextrin has originality in its application but suffers 
from some demerits like low solubility and behave like nephrotoxins. It 
is crucial to use as small amount of CyDs as likely in pharmaceutical and 
new formulations. In this respect, aqueous solubility of α-CyD and γ-CyD 
is more useful than β-CyD [11,12]. Solubility of β-CyD can be consid-
erably increased by derivatization. Hydroxypropyl-β-Cyclodextrin (HP- 
β-CyD) is one of the main persistent pharmaceutical formulations. HP- 
β-CyD like other cyclodextrins can enhance the solubility of sparingly 
and poor soluble drug or other molecular guest by the formation of in-
clusion complexes more efficiently. HP-β-CyD is with negligible amount 
of toxicity and may be useful in the improvement of parenteral admin-
istration of less soluble drugs [13,14]. 

HP-β-CyD is an alternate of α, β and γ-cyclodextrin, with better water 
solubility and may also be toxicologically benign. It is promptly and 
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about entirely cleared from body though systemic passage by the kid-
neys after intravenous booster, and is cleared from the lung by being 
absorbed into the total circulation with subsequent running in an aerosol 
[15–17]. Amongst these cyclodextrins, β-CyD and its hydrophilic 
(hydroxypropyl) derivative, such as HP-β-CyD are the primary choices 
as of their appropriate cavity sizes and modest rate [18]. 

Till now the study on the inclusion phenomenon between pyridinium 
ionic liquid based surfactant (ILBS) and β-CyD or specially its hydrox-
ypropyl derivative is comparatively rare in the literature. The inclusion 
phenomena of cyclodextrin has been studied extensively, however less 
often with ILBS, moreover very few technique like capillary electro-
phoresis etc were employed to explore the inclusion phenomena 
[19,20]. 1-Dodecyl-4-methylpyridinium iodide was synthesized using 
simple refluxing technique and characterized by UV–vis, FTIR, FTNMR, 

and LC-MS techniques. 
Host-guest inclusion mechanisms of the synthesized product were 

studied with the β-CyD and its hydroxypropyl derivative. The stoichi-
ometry of the host guest supramolecular inclusion complex with β-CyD 
was studied using conductivity, surface tension and further by Job plot 
derived from UV–vis study. Thermodynamic parameters were also 
derived by employing UV–vis and fluorimetric techniques. FTIR & 
FTNMR was employed to know about the successfully included part of 
the host. Zeta potential of the guest was obtained by Dynamic Light 
Scattering (DLS). Change in the surface morphology and size was 
checked by SEM (scanning electron microscopy) and DLS size mea-
surement. Anti bacterial study of DMPI and its one inclusion complex 
were performed and compared with the DMPI (see Scheme 1). 

Scheme 1. Molecular structure of (A) DMPI (B) β-CyD & (C) HP-β-CyD.  
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2. Experimental section 

2.1. Materials 

4-Methylpyridine (MPy) and 1-iodododecane (ID) were used for 
synthesis as precursors. Double distilled water with specific conduc-
tance ~ 1.1 µScm− 1, pH ~6.9–7.0 was used for all experimental pur-
poses. The source and purity of the chemicals have been given Table S.1. 

2.2. Preparation of the guest 

Before starting the synthesis, solubility of used precursors MPy and 
DI were precisely checked in different solvents and finally EtOH was 
selected as solvent. MPy and DI were taken in (1: 1.2) molar ratios in 
ethanol and refluxed for 12 h. The used solvent (EtOH, boiling point 
78.37 ◦C or 351.37 K) was removed using rotary evaporator connected 
to vacuum pump by maintaining required temperature. The product was 
washed with PET ether for several times. To remove the waxy nature, 
the treated product was washed by diethyl ether 20 times. The purified 
product obtained was tested by TLC and discrete spot was found in 
comparison to the both the precursors. The product was dried, stored in 
dark place and vacuum desiccators for 72 h. The melting point of the 
sample was approximately 317 K. The melted sample was crystallized 
rapidly upon cooling. During the month of October/November needle 
like crystal formation from the product was spontaneous. Negative sol-
vatochromism (blue shift with increasing solvent polarity) was shown 
by sample and the colour was changed from bright yellow to light green 
from THF to H2O (order of polarity) respectively. Thermochromism was 
also visible distinctly in the sample. The colour of the sample was 
changed straw to yellowish above 317 K (see Scheme 2). 

2.3. Apparatus and procedure 

FTIR spectra were recorded in KBr pellets using PerkinElmer FTIR 
spectrometer (RX-1) operating in the region of 4000–400 cm− 1 at 
ambient temperature. The software connected with the instrument was 
PerkinElmer precisely version 5.3 (Copyright 2005 PerkinElmer, Inc). 
The pellets formed manually. Humidity during experiments was 
approximately 45% [21,23]. 

1H Nuclear magnetic resonance (NMR) was performed in Bruker 
AVANCE spectrometer operating at 300 MHz frequency. 2D ROESY 
spectra were carried out using 400 MHz Bruker AVANCE NMR spec-
trometer. The respective solutions were made in D2O, data was reported 
as a chemical shift [10,22,23]. 

UV–vis spectra were recorded on Agilent 8543 spectrophotometer, 
with an uncertainty of wavelength resolution of ±1 nm. The measuring 

temperature was controlled by an automated digital thermostat of 
Julabo F32 [24]. The spectra were obtained with UV–vis ChemStation 
software (Revision B.04.02 [63], Copyright© Agilent technologies 
2001–2011). The spectral scans were taken within range from 190 to 
1200 nm. 

The conductance measurements were performed in Mettler Toledo 
Seven Multi conductivity meter with uncertainty 10 μS cm− 1 (Cell 
constant of about 0.1 ± 0.001) cm− 1. Solutions temperature was 
maintained to within (298.15 ± 0.01) K using Brookfield Digital ther-
mostat bath (TC-550). 0.01 M aqueous KCl solution was used for cell 
calibration. The uncertainty in temperature was ±0.01 K [25]. 

Surface tension experiments were carried out by a platinum ring 
detachment method using a Tensiometer (K9, KRÜSS, Germany) at the 
experimental temperature. The accuracy of the surface tension mea-
surement was within ± 0.1 mN m− 1. The constant temperature was 
maintained during the experiments with Remi ultra thermostat (CB-700) 
with precision 0.1 K. 

Refractive index (RI) for DLS was measured with the help of a digital 
refractometer of Mettler Toledo Refracto 30GS. The light source was 
LED, λ = 589.3 nm. The refractometer was calibrated using distilled 
water, and calibration was checked after every measurement. The un-
certainty of the measurement was ±0.0002 units [26]. 

Steady-state fluorescence emission study was carried out in bench 
top spectrofluorimeter from photon technologies international (Quan-
tamaster-40). The software used was Felix-Gx software and Xenon lamp 
was used as the source of radiation for steady state fluorescence ex-
periments (version 2.0) [22]. The samples were taken in a quartz cuvette 
of optical path length 1.0 cm [27]. 

Dynamic Light Scattering (DLS) was performed using a Zetasizer 
Nano ZS90 ZEN3690 light scattering apparatus (Malvern Instruments 
Ltd., Malvern, UK having the He-Ne laser of 632.8 nm, 4 mW) at a 
scattering angle of 90◦. The temperature was fixed within the range of 
293 K to 313 K [28]. Gas chromatography mass spectrometry (GC–MS) 
measurement was done in the Thermo Scientific (TRACE 1300) gas 
chromatography ISQ QD Mass spectrometer with data system is a high 
resolution and double focusing instrument. 

Scanning electron microscope (SEM) instrument used was of Jeol 
JSM-IT 100, connected with EDS compartment with detector input area 
of 20 mm2. Microanalysis was performed by an Oxford INCA energy 
dispersive spectrometer (EDS) connected to the SEM. All photography 
was taken & initially analyzed by InTouchScope (Version 1.060) soft-
ware. Samples of DMPI, β-cyclodextrin, Hydroxypropyl β-CyD and their 
inclusion complexes were mounted onto aluminium stubs and sputter- 
coated with a gold layer of about few millimetres. These samples were 
analyzed by an energy dispersive X-ray spectroscopy. Experimental 
conditions involved 15 kV at low vacuum (30 Pa), current 8–10nA, beam 

Scheme 2. Synthesis of DMPI.  
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Fig. 1a. FTIR spectra of n-dodecyl iodide (one of the precursor).  

Fig. 1b. FTIR spectrum of pure DMPI (Product).  

Fig. 1c. FTIR spectra of DMPI Crystalline (Product).  
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diameter 6 µm using a backscattered electron detector [17]. 
DSC experiment was done in nitrogen atmosphere by Pyris 6 DSC 

instrument, (Software: Pyris Manager software version 07.00.00.). 
Heating rate for the instrument was 2 K/min with equal amount of 
sample in each case. 

2.4. Characterization: spectroscopic 

2.4.1. FTIR analysis 
The obtained infrared frequencies of the different bonds of functional 

groups of both the precursor (Fig. 1a) and product i.e. DMPI have been 
shown (Figs. 1b and 1c, & Fig. S.1) within the range of 400–4000 cm− 1. 
The broad band at 3446 cm− 1 is ascribed to bond stretching of quater-
nary amine (3330–3450 cm− 1) like structure of dodecylpyridinium ring. 
Peak at 3012 cm− 1 is due to aromatic –C–H bond vibrations of 

pyridinium ring. The peaks with wave numbers 2944 cm− 1 and 2852 
cm− 1 of the aliphatic asymmetric and symmetric (–C–H) stretching 
vibration is owing to the methyl group (–CH3). The peaks with wave 
number 2923 cm− 1 and 1450 cm− 1 are due to symmetric stretching and 
bending frequencies respectively of –CH2– group. The –C––C– bond 
of pyridinium ring have absorption peak at 1630 cm− 1 due to stretching 
vibration [22,29–34]. FTIR spectrum of the DMPI in methanol appears 
with broad peaks due to probable H-bonding interaction among the 
substrate & solvent. This spectrum also justifies the structure of DMPI 
except the exceptions of peak broadness. (Fig. S.1) 

2.4.2. NMR analysis 
The obtained product was characterized by 1H NMR spectroscopy 

using either D2O or D2O + CDCl3 (minor amount) mixture as solvent for 
the determination of molecular structure. The 1H NMR spectra data are 

Fig. 2b. Mass spectrum of DMPI (Magnified) in CH3CN.  

Fig. 2a. FTNMR spectrum of pure DMPI (1H).  
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shown in Fig. 2a, S.2, S.3. (a & b) & S. (4. & 5) in ppm (δ) from the 
internal reference (D2O: δ 4.79 ppm and CDCl3: δ 7.26 ppm wherever 
applicable) in determining the proton chemical shifts. 

The results of 1H NMR of DMPI are given as follows: 
1H NMR, DMPI (400 MHz, D2O+ CDCl3): δ 8.713–8.697 (d, 2H, J =

6.4 Hz) N(CH)2 moiety of pyridinium ring, 7.798–7.782 (d, 2H, J = 6.4 
Hz), N(+)CC(CH)2 of pyridinium ring, 4.699–4.680 (H1, 7H, sup-
pressed solvent peak, J = 7.6 Hz), 4.522–4.485 (t, 2H, NCH2, J = 7.4 
Hz), 2.509 [s, 3H, –CH3 group para to N(+)], 1.897–1.864 (t, 2H, N(+) 
CCH2, J = 6.6 Hz), 1.201–1.046 (m, N(+)CC(CH2)9, 18H), 0.659–0.626 
(m, 3H, N(+)C11CH3). 

2.4.3. GC-Mass spectrometry analysis 
Gas chromatography mass spectrometry was performed in CH3CN 

solvent. One of the important peaks was obtained at mass correspond to 
391.33u. This confirms the formation of desired compound. The peak at 
155 was due to the formation undecyl cation. GC–MS was shown in the 
figure Fig. S.6. Surface active compounds usually repress the mass 
spectra and the product which will be used as guest in subsequent part i. 
e. DMPI is itself surface active [22]. Mass spectrometric (In the -ve 
mode) result showed expected molecular ion peak at mass correspond to 
388.18 u. (The approximate molecular weight of the analyte was 
389.16u (Fig. 2b) [35–37]. 

2.4.4. UV–vis spectra analysis 
n-π* transition usually appear λ(nm) beyond 273, so we can belief 

that in DMPI no n-π* is possible. The structure of the DMPI further make 
the supposition cleared that there was no n-π* transition [38,39]. Pyr-
idinium ring have three conjugated double bonds. It is expected that 
UV–vis band owing to π-π* transition of the molecule. Two number of 
UV band appeared at 222 & 254 nm. (Fig. 3a, Fig. 3b and Fig. 3c) The 
band of 222 nm was much more intense than the 254 nm band. All 3 
spectra were taken in room temperature. In Fig. 3b. IC DMPI shown 
enhance intensity in the presence of HP-b-CyD (As IC in water) 
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Fig. 3a. UV–vis spectrum of 50 µM crude DMPI in water at 298 K (Plot with standard deviation data as Y error).  
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Fig. 3b. 50 µM IC of DMPI & HP-b-CyD in water (Plot with standard deviation data).  
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Fig. 3c. 50 µM DMPI at 298 K in water (Plot with standard deviation data).  

Table 1 
Solubility of DMPI in different solvents.  

Solvent Hexane THF EtAc CHCl3 DCM DMSO 

Solubility x ✓ ✓ ✓ ✓ ✓  

Solvent CH3CN C2H5OH CH3OH Water PET 
ether 

Diethyl 
ether 

Solubility ✓ ✓ ✓ Slightly 
dispersed 

x x  
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compared to in Fig. 3c. cyclodextrin’s hydrophobic cavity offers a 
shielding environment which can guard the excited singlet species from 
gradual quenching and non radiative decay process occurring in 
solution. 

3. Results and discussion 

3.1. Investigation of physicochemical properties of DMPI 

3.1.1. Solubility test 
The compound was soluble in the different organic solvent and 

shown enhanced water solubility compared to both the precursors. The 
product’s solubility test was performed qualitatively (see Table 1). 

3.1.2. From DLS; Zeta potential 
The Zeta-potential measurement is a key factor to understand sta-

bility of colloidal particles in aqueous solutions [40,41]. From the Zeta 
potential distribution graph [(Fig. 4a–e–, tab S. 2 (a)–(c) to tab. 6. (a)– 
(c)] (Total counts vs. Zeta potential in miliV) it was quite clear that 
DMPI has either significant positive or negative value of potential. So 
Zeta potential values validate about the stability of aqueous colloidal 
system [42,43]. 

4. Inclusion complex & inclusion mechanism: 

4.1. Preparation of inclusion complex 

We prepared the solid ICs (DMPI + β-CyD and DMPI + HP-β-CyD) in 
1:1 M ratios. In each complex, 6.0 mM of CyDs and 6.0 mM of HP-β-CyDs 
were separately prepared in 20 mL of water each and stirred for 4 h. 
Then, the aqueous solution of DMPI was added drop wise to the both 
aqueous solution of CyDs. The resulting mixture was then stirred for 36 h 
at 318–323 K and filtered at this temperature. Both the resulting mix-
tures were then slowly cooled down to 278 K and held at this temper-
ature for 8 h. Finally the solutions were filtered to obtain white powder, 
which was washed with water and ethanol respectively and dried in air. 
The yields of the solid inclusion complexes were 86% and 90% for TgCl 
+ HP-β-CyD and TgCl + β-CyD respectively. 

4.2. From specific conductance 

The plot of conductance of DMPI with respect to the concentration 
for β-CyD & HP-β-CyD has shown in Fig. 5a, have a distinct break point 
at around 3.00 mM concentration of HP-b-CyD & b-CyD. There was only 
one break point, suggest the host guest ratio of 1:1 in inclusion complex 
in solution. The concentration correspond to the break point is less than 
the ideal concentration of 1:1 inclusion (i.e. 5 mM) as there may be less 
concentration of monomer molecule of ionic liquid surfactant DMPI due 
to its aggregation in the surface of the solution [22]. The concentration 
of the inclusion complexes (In dynamic equilibrium) in water should be 
around 3.00 mM initially. This 3.00 mM concentration should increase 
gradually as supramolecular hydrophobic interaction is stronger than 
hydrophobic interaction inside the micellar core [22]. 

4.3. From UV–Vis spectroscopy: Job plot: 

A fit and successful method for identify the stoichiometry of host and 
guest in inclusion complexes is Job’s method, usually known as the 
continuous variation method [44,45]. 

We employed the absorbance data from the UV–vis spectra of a set of 
solutions of DMPI with HP-β-CyD and β-CyD with mole fractions in the 
range of 0.0–1.0. Absorbance values were taken at a wavelength of 
λmax = 226 nm for all of the solutions at 298 K (Figs. 5b and 5d) . The 
top of the job curve correspond to the value of R (mole fraction of the 
guest) that provides the stoichiometry of the ICs formed; consequently, 
the ratio of guest and host is 1:2 for R ≈ 0.33, 1:1 for R ≈ 0.5, 2:1 for R ≈
0.66 etc [46]. 

Here, the maxima of plots were found at R ≈ 0.5, indicating a 1:1 
stoichiometry of both host–guest inclusion complexes (Figs. 5c and 5e) 
[47]. 

4.4. Association constant and thermodynamic parameters 

Association or binding constants of DMPI with either HP-β-CyD or 
β-CD were calculated by UV–vis data. A part of ionic liquid based sur-
factant was inserted inside the truncated hydrophobic cavity of the both 
HP-β-CyD & β-CyD, so there was a significant variation in molar 
extinction coefficient (Δε) owing to the colour bearer part of the DMPI. 
The changes in absorbance (ΔA) of DMPI (226 nm) was studied against 
the concentration of β-CyD and its hydroxypropyl derivative at diverse 

Fig. 4. (a)–(e): Zeta(ζ) potential distribution of 10 mM DMPI at 5 different 
temperatures (293 K, 298 K, 303 K, 308 K & 313 K respectively) in 
aqueous solution. 
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temperatures to establish the association constants (Ka). 
The absorption values were used in the following Benesi-Hildebrand 

Eq. (1). (Benesi & Hildebrand, 1949) for the 1:1 host–guest complex 
formation. 

1
ΔA

=
1

Δε[V]Ka
×

1
[HP − β − CyD]

+
1

Δε[V]
(1a)  

1
ΔA

=
1

Δε[V]Ka
×

1
[β − CyD]

+
1

Δε[V]
(1b) 

Ka’s values for both the systems were calculated from the ratio of 
intercept and slope of the straight line of double reciprocal plot 
(Table 2). [49,50] The thermodynamic parameters were derived rest on 
the association constants found at various temperatures with the help of 

van’t Hoff equation Eq. (2). 

lnKa = −
ΔH0

RT
+

ΔS0

R
(2) 

On the basis of a linear correlation between lnKa with 1/T in the 
above equation the thermodynamic parameters ΔHo and ΔSo for the 
formation of ICs may be obtained (Table 2) [51]. 

4.5. From fluorescence spectroscopy: Further justification association 
parameter 

The predominant non covalent interaction of DMPI with CyDs was 
investigated by elegant spectrofluorimetry [52–54]. 

As shown in Scheme 1, Scheme 2, Figs. 1a, 1b, 1c, 2a, 2b, 3a, 3b, 3c, 
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Fig. 5. (a) The variation of specific conductance of DMPI with respect to the concentration for HP-β-CyD at room temperatures (298 K). (b) and (c) Uv–vis graph 
(Plot with standard deviation data) & corresponding Job plot for DMPI and HP-β-CyD with maxima at 0.5; (d) & (e) Uv–vis graph (Plot with standard deviation data) 
& corresponding Job plot for DMPI and β-CyD with maxima at 0.5. 

Table 2 
The values of the association constants and the thermodynamic parameters obtained after analyzing UV–vis spectra.   

Temp/Ka Ka/M− 1 ΔHo/kJ mol− 1 ΔSo/J mol− 1K− 1 ΔGo/kJ mol− 1 

HP-β-CyD 293 4.39 × 105 − 44.85 265.23 − 123.93 
298 1.47 × 106 

303 2.11 × 106 

308 1.71 × 106 

313 1.73 × 106 

β-CyD 293 1.29 × 105 − 20.304 28.00 − 28.65 
298 0.93 × 105 

303 1.045 × 105 

308 0.681 × 105 

313 0.782 × 105  
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4, 5, 6, 7, 8a, 8b, 8c, 8d, 9 and 10, with an increase in the CyDs (HP- 
β-CyD & β-CyD) concentration, the DMPI showed enhanced fluorescence 
intensity with a slight hypsochromic shift of the emission peak 
[Tables S.7. a. and b.]. There was sudden decrease in the fluorescence 
spectral intensity in the mid concentration range, otherwise there was 
gradual increase. These findings certify the formation of DMPI-CyDs 
inclusion complexes. Molecules encapsulated inside CyD cavity often 
exhibit an increase in their fluorescence intensity. This is because the 
cyclodextrin’s cavity offers a shielding microenvironment which can 
screen the excited singlet species from gradual quenching and non 
radiative decay process occurring in the aqueous solution [55,56]. 

Association or binding constants (Ka) of both the complexes were 
calculated from fluorescence data using the modified Benesi Hildebrand 
Eq. (3a) and (3b) 

1
[F − F0]

=
1

[F’ − F0]Ka
×

1
[HP − β − CyD]

+
1

[F’− F0]
(3a)  

1
[F − F0]

=
1

[F’ − F0]Ka
×

1
[β − CyD]

+
1

[F’− F0]
(3b)  

[48] 
Here F and F0 represent the fluorescence intensities of DMPI in the 

presence and absence of either HP-β-CyD or β-CyD, Ka is the association 

constant of the complexation and F’ signify fluorescence intensity when 
maximum DMPI molecules are effectively complexed with CyDs. The 
double reciprocal plots of 1

[F− F0 ]
vs. 1/[CyD] for surface active guest 

complexed with HP-β-CyD and β-CyD (shown in Figs. S.7.a and b) 
showed good linearity, implied the inclusion complexes had 1:1 stoi-
chiometric ratio. 

5. The thermodynamics of inclusion process 

The Gibbs free energy ΔG for the binding of DMPI molecule to CyD 
cavity was calculated from the binding constant ‘Ka’ by using the 
following equation: ΔG¼- RT ln Ka 

The thermodynamic constant ΔG for the binding of DMPI molecule 
to HP-β-CyD and β-CyD were − 20.6 and − 18.8 kJ mol− 1 respectively. 
The negative values of ΔG suggest, the inclusion process proceeded 
spontaneously at room temperature (298.00 K). The value of change in 
Gibbs free energy obtained from fluorimetric study was quite close to the 
same obtained from UV–vis spectra, especially in the case of β-CyD. 
Hydroxypropyl groups due to its free rotation around the single bonds 
probably make the entropy value very high in the case of HP-β-CyD 
inclusion complex. So we may say that it’s a entropy driven process 
though ΔG value is not proportionately high as ΔS. 

5.1. From surface tension 

The graph of surface tension with respect to the logarithm of con-
centration for DMPI has shown in (Fig. S.8.a). From the graph, it was 
clear that at 4.44 mM concentration of HP-β-CyD one break point is 
present. The concentration is little less than the ideal concentration of 
1:1 inclusion (i.e. 5 mM) as there may be less concentration of monomer 
DMPI due to its micellization. In case of host HP-β-CyD, the surface 
tension change was quite irregular with its gradual addition to water as 
it was more surface active compare to the β-CyD. HP-β-CyDs surface 
activity was more than β-CyD, probably due to the presence of propyl 
substitute with the cyclodextrin ring. (Fig. S.8.b). 

5.2. From 1H NMR 

From the chemical shift values it was quite clear that shift of H3 & H5 
is more than others proton in both the molecular host. So we may easily 
assume that inclusion was successfully happen between the both mo-
lecular hosts and the guest, DMPI. In solid inclusion complex the shift of 
N(CH)2 was more than N(+)CH2(CH2)9. So we may assume that methyl 
pyridinium part was inserted within the cavities of both hosts. Long 
chain hydrocarbon and methyl pyridinium part is attached to each 
other; we can expect 1:1 inclusion here [57]. 

At the same time it may also assume that long chain hydrocarbon was 
not inserted into the cavity of CyDs. Usually we get mixed mode of in-
clusion [both (1:1) and (2:1)] in the case of ion pair system with long 
chain hydrocarbon [22]. Aromatic part of the DMPI shown upfield shift, 
as it enters from hydrophilic to comparatively more hydrophobic region 
(comparatively more shielded region) (see Tables 3 and 4) (see Fig. 7). 

Fig. 6. (a): Fluorescence spectra of DMPI (50 µM) with different HP-β-CyD 
concentration (µM): 1) 20 µM 2) 30 µM, 3) 40 µM 4) 50 µM, 5) 60 µM, 6) 70 µM, 
7) 80 µM. 6 (b): DMPI (50 µM) with different β-CyD concentration (µM): 7) 20 
µM, 6) 30 µM, 5) 40 µM, 4) 50 µM, 3) 60 µM, 2) 70 µM, 1) 80 µM, obtained from 
the set of solution. 

Table 3 
The values of chemical shifts δ (ppm) of pure DMPI(Guest) and in inclusion complex form.  

Compound N+(CH)2 of pyridinium ring 
δ (ppm) 

N+(C)(CH)2 

δ (ppm) 
N(+)CH2 

δ (ppm) 
–CH3 group para to N 
δ (ppm) 

N(+)C(CH2)9 

δ (ppm) 

DMPI 8.713–8.697 (d) 7.798–7.782(d) 4.522–4.485 (t) 2.509 (s) 1.201–1.046 (m) 
IC-1 8.527–8.511 (d) 7.762–7.746 (d) 4.425–4.389 (t) 2.515 (s) 1.213–1.000 (m) 
Chemical Shift ¡0.186 ¡0.036 ¡0.097 0.006 ¡0.046 
IC-2 8.530–8.513(d) 7.750–7.734 (d) 4.433–4.397(t) 2.511 (s) 1.210–1.127(m) 
Chemical Shift ¡0.183 ¡0.048 ¡0.088 0.002 0.081  
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5.2.1. From scanning electron microscopy (SEM) studies 
All SEM images were taken by conventionally after gold coating. 

SEM photographs of HP-β-CyD, DMPI and their inclusion complexes are 
shown in Figs. 8a–8d. Typical crystal of DMPI, and HP-β-CyD are found 
in many different sizes. Pure DMPI 

appears as irregular-shaped crystal particles with large dimensions 
(Fig. 8a), HP-β-CyD shows in spherical particle type (Fig. 8b), and β-CyD 
crystallizes in polyhedral form [58]. The DMPI/HP-β-CyD inclusion 
complex shows as compact and surface-like structure crystal particles 
and is pretty unlike from the sizes and shapes of HP-β-CyD and DMPI 
(Figs. 8a–8c), which indicate the production of the inclusion complex. 
However, the DMPI/β-CyD inclusion complex appears as compact and 
homogeneous rod-like structure crystal particles and is also pretty 
different from the sizes and shapes of β-CyD and DMPI (Fig. 8d), which 
confirm the formation of the inclusion complexes. HP-β-CyD basically a 
kind of soft matter upon exposure to highly energetic electronic beam 
was deformed from its original structure. It was probably during elec-
tronic exposure static charge was accumulated in the exterior of HP- 
β-CyD, was mainly responsible for the structural deformation. Therefore 
extra precaution was taken during acquisition of the SEM images of the 
same compound. Finally we get better images by maintaining the 
voltage within 4 kV and acquire the pictures quickly. The SEM image of 
the pure β-CyD is available in another work carried out by our lab on 
same chemical by the same instrument (Also published in CPL, Elsevier, 
page 7, Fig. 6) [58]. 

5.2.2. From EDS SEM 
SEM EDS is a qualitative method can be used to determine the 

structural features of raw materials, viz. CyDs and guest or the products 
prepared by diverse methods of preparation like physical mixture, so-
lution complexation, co-evaporation and others [59,60]. Elemental 
composition analysis of all relevant samples was carried out qualita-
tively by using the EDS study and obtained graphical representation are 
shown in Fig. S.9.a–d. The elemental quantitative results were observed 
for C:O or C: N:O:I or C:O:I atomic ratios, which were fairly close to the 
expected bulk ratios indicating good distribution of the different species 
in the sample. Likewise Fig. S.9c–d, etc. show peaks corresponding to the 
iodine; it is direct evidence of the DMPI along with β-Cyd present in IC-1 
& IC-2 both. 

This noticeable observations reveal the minimum stoichiometric 
ratio of the different elements were maintained in all samples as well as 
inclusion complexes. 

5.3. Antibacterial study 

DMPI was shown significant antibacterial effect with gram negative 
bacteria E. Coli as expected [Fig. 9a–d] [61]. 

It may be assumed that pyridinium part was responsible for 

antibacterial property of the DMPI, so upon inclusion of this part, bio-
logical activity also should be reduced. We get expected result as the IC 
of the HP-β-CyD had shown less inhibition of the bacterial growth with 
all different concentration compare to the pure DMPI. So from this result 
we may conclude that the pure DMPI had more antibacterial effect 
compare to IC of the HP-β-CyD. Further, antibacterial property of IC of 
β-CyD will be explored in our future study with subsequent comparison 
with HP-β-CyD. 

5.4. From differential scanning calorimetry (DSC) 

From the Differential scanning calorimetry (DSC), varities of infor-
mation such as crystallization, thermal stability, melting etc. can be 
obtained of chemical compounds [62]. 

The characteristic peaks of guest molecule in the thermogram may be 
completely diminished or shifted to the different temperatures due to 
the formation of inclusion complexes with the particular host [63]. 

Thermogram of solid guest, and ICs have been shown in the Fig. 10. 
DSC thermogram of DMPI shows a characteristic sharp distinct endo-
thermic peak at 58 ◦C closely related to its melting point while in its ICs 
with both β-CyD and HP-β-CyD, comparatively flat and broadened sig-
nals are observed. These broad signals refer that there is a high loss of 
the crystallinity of DMPI in its ICs, indicating a strong complexation with 
CyDs and the peaks at higher temperature are probably due to the loss of 
water molecules adhered with ICs. As from the Fig. 10, it has been 
clearly seen that the nature of the peak at 58 ◦C in the thermogram for 
IC-2 (I.e. Complex of β-CyD & DMPI) is more flattened compare to that 
for the IC-1(i.e. Complex of HP-β-CyD & DMPI) which indicates more 
complexation of DMPI with β-CyD rather than with HP-β-CyD in the 
solid state. 

5.5. 2D-ROESY SPECTRA analysis 

2D-ROESY NMR can confirm about successful inclusion by the 
appearance of intermolecular dipolar cross-correlations due to very 
close proximity of interacting protons [64,65]. If two protons are situ-
ated within 400 pm in space then they may produce rotating-frame NOE 
spectroscopy (ROESY) [66]. 

Inclusion event inside unique structure of β and HP-β-cyclodextrin 
cavity can be assertively shown by the appearance of NOE cross-peaks 
between the protons of cyclodextrin and the protons of the aromatic 
part of cationic surfactant identifying their spatial immediacy [67,68]. 
To prove successful inclusion here 2D-ROESY spectra of the complexes 
of DMPI with β and HP-β-cyclodextrin were recorded, which has 
confirmed the important correlation of aromatic protons of DMPI with 
H3 and H5 protons of β and HP-β-cyclodextrin (Fig. S.10), establishing 
inclusion of aromatic part of the DMPI. 

Table 4 
The values of chemical shifts δ (ppm) of pure cyclodextrins (HP-β-CyD and β-CyD) and in inclusion complex form.  

Type of proton Spin multiplicity δ (ppm) Spin multiplicity Shift (Δδ) 

HP-β-CyD DMPI/HP-β-CyD complex(IC-1) 

H-1 d 5.144–4.969 5.098  ¡0.0415 
H-2 dd 3.504 3.541–3.483 d – 
H-3  3.908 3.865 s ¡0.043 
H-4  3.394 3.325 s – 
H-5 m 3.734 3.702–3.621 m 0.222 
H-6 m 3.734 3.702–3.621 m – 
Type of proton Spin multiplicity δ (ppm)  Shift (Δδ) 

β-CyD PDI/β-CyD complex(IC-2)  
H-1 d 4.923–4.932 4.940–4.931 d 0.017 
H-2 dd 3.506 3.565–3.512 m – 
H-3 t 3.801–3.848 3.758–3.735 t ¡0.113 
H-4 t 3.419–3.466 3.505–3.460 m – 
H-5 m 3.706–3.766 3.727–3.669 m ¡0.097 
H-6 m 3.706–3.766 3.727–3.669 m –  
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Fig. 7. a. FTNMR spectrum of DMPI. b. FTNMR spectrum of DMPI + HP-β-CyD inclusion complex (1H) c. FTNMR spectrum of DMPI + β-CyD inclusion complex (1H) 
d. FTNMR spectrum of HP-β-CyD e. FTNMR spectrum of HP-β-CyD. 
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Fig. 8b. SEM images of the pure HP-β-CyD.  

Fig. 8a. SEM images of the pure DMPI.  
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6. Conclusion 

Characterisation of the compound confirms about its formation and 
the purity. Zeta potential values from DLS ensure about the stability of 
aqueous suspension of DMPI. Conductance and surface tension study 
between guest and host indicate the development of 1:1 inclusion 
complexes in aquous solution. Job plot obtained using the Uv–vis 
technique confirms the initial idea about the 1:1 mode of inclusion ob-
tained from conductance and surface tension. FTIR, fluorescence & 
FTNMR experimental data insist us to propose that inclusion complexion 
occur more affectively in the case β-CyD than that of HP-β-CyD. SEM 
images have shown distinct changes in the surface morphology in the 
case β-CyD compare to HP-β-CyD. DSC data also support previous two 
experimental results. Anti bacterial effect was decrease more in case of 

the β-CyD + DMPI IC compare to the pure DMPI. One of the most 
valuable information from the 2D-ROESY is that, inclusion happened 
and through methyl substituted aromatic part of the surfactant. Asso-
ciation constant data from Uv–vis, fluorescence interestingly support 
stronger complexation of DMPI with HP-β-CyD rather than with β-CyD. 
In this regard, it may be concluded here that partial technique de-
pendency (Only from uv–vis, fluorescence different trends were found & 
both were done in aqueous solution) makes it tricky to take strong and 
straightforward comparative decision, still this plenty of self supporting 
research data will help to enrich future research on ionic liquid surfac-
tant and cyclodextrin research. It may also be resolute from major 
number of experimental observations that, the stronger inclusion com-
plex were formed with ILBS viz. DMPI with the β-CyD compare to HP- 
β-CyD. 

Fig. 8d. SEM images of the DMPI + β-CyD inclusion complex.  

Fig. 8c. SEM images of the DMPI + HP-β-CyD inclusion complex.  
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Fig. 9. Zone of inhibition against E. Coli by (a) Standard streptomycin (b) DMPI and (c) IC-1(Inclusion complex of HP-β-CyD and DMPI) (d) E. coli standard.  
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