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dy of ionic liquid and cyclic
oligosaccharides to form inclusion complexes†

Aditi Roy and Mahendra Nath Roy*

The inclusion complexation behaviour, characterization and binding ability of

trihexyltetradecylphosphonium chloride with a and b-cyclodextrin have been investigated both in

aqueous solution and solid state by means of 1H NMR, surface tension, conductivity, density, viscosity,

refractive index, FTIR and HRMS measurements. The shifts in the NMR spectra reveal that part of the

ionic liquid is inserted into the cyclodextrin molecules. Surface tension and conductivity studies approve

the 1 : 1 stoichiometry of the inclusion complex while density, viscosity and refractive index

measurements show the interaction of the ionic liquid with the host molecules. FTIR and HRMS studies

confirm the inclusion phenomenon. Binding constants have been evaluated using a non linear

programme and NMR study, indicating a higher degree of encapsulation in the case of b-cyclodextrin

compared to a-cyclodextrin.
1. Introduction

The eld of Ionic liquids draws the attention of modern
chemists because of their unusual properties such as low
vapour pressure, high thermal and chemical stability, large
liquid temperature range and high solvation ability towards
inorganic, organic, complex salts and biopolymers.1 These
properties make them completely different from molecular
liquids. Ionic liquids generally constitute a large organic
cation and a small anion.2 They have vast applications in
various chemical industries because of their green nature.
They produce less hazardous compounds during their use.3

Phosphonium based ionic liquids are less toxic and more
thermally stable than nitrogen based ionic liquids.1 In this
research article the phosphonium based hydrophobic ionic
liquid Trihexyltetradecylphosphonium chloride (TTP)
(Scheme 1) has been used. This ionic liquid is highly used in
separation of different dyes including methylene blue from
aqueous media. This has also application as additives to
improve the yield of essential oils in the hydrodistillation
process.4

Cyclodextrin (CD), a cyclic oligosaccharide, is well known
in supramolecular chemistry as molecular host because of
their ability of inclusion of a range of guest molecules through
non covalent interaction in their hydrophobic cavity.5 a, b and
g cyclodextrins consists of 6, 7 and 8 glucose units respectively
linked by a-1,4 glucosidic linkage.6 They can be described as
orth Bengal, Darjeeling-734013, India.

: +91 353 2699001; Tel: +91 353 2776381
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hemistry 2017
a shallow truncated cone having primary and secondary
hydroxyl groups in the rims (Scheme 2).5 They can form stable
inclusion complex with drugs, vitamins, ionic liquids, amino
acids, neurotransmitters etc. guest molecules.7 The weak
intermolecular forces acting between the guest and host
includes van der Waal's force, dipole–dipole interaction,
electrostatic and hydrogen bonding interactions.8 CD's are
non-toxic and considered safe to humans. Formation of
inclusion complex is the best method to improve the physi-
cochemical properties of the guest molecule. Due to the
enormous application of the inclusion complexes formed by
them they are used in cosmetic, food and pharmaceutical
industeries.9

In the present study we attempt to ascertain the formation
and nature of IC of a and b-CD with TTP in aqueous environ-
ment by spectroscopic and physicochemical studies. Our aim is
to explore the formation, carrying and controlled release of this
ionic liquid by forming IC with CD without any chemical and
biological modication of the guest molecule. Thus it will nd
better utility in the dye industry and also in the hydrodistillation
process of oils. To the best of our knowledge no theoretical
investigation concerning inclusion complex formation between
a and b-CD and TTP has been performed so far.
Scheme 1 Two dimensional molecular structure of the ionic liquid
trihexyltetradecylphosphonium chloride.
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Scheme 2 Structure of (a) a-CD (b) b-CD and (c) cone structure of cyclodextrin molecule.
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2. Results and discussions
2.1. 1H NMR spectra
1H-NMR study conrms the formation of inclusion complex of
TTP with a and b-CD.9,10 Insertion of ionic liquid molecule into
the hydrophobic cavity of CD molecules consequences the
chemical shi of both the guest and host molecule. The TTP
molecule results dimagnetic shielding of the protons as a result
of interaction with the CD protons aer inclusion. The position
of different protons in the CD molecules are shown in
Scheme 3. The H3 and H5 protons are situated inside the cavity
Scheme 3 Location of different protons in truncated conical structure
of a and b-cyclodextrin.

40804 | RSC Adv., 2017, 7, 40803–40812
near the wider rim and narrower rim respectively. The other
protons H1, H2 and H4 are situated outside the CD mole-
cule.11,12 The respective d values of the ionic liquid TTP, a-CD,
b-CD and inclusion complexes are reported in Table S1.† The
protons of CD and TTP show considerable upeld shi in 1 : 1
inclusion complex of the ionic liquid and CD (Fig. 1 and 2). It
can be concluded from chemical shi that the protons of the
hydrocarbon chain of TTP interacts more with the H3 protons
than H5 suggesting the TTPmolecule enters in the hydrophobic
cavity from wider end. The shi in d value of both the CD
perhaps due to change of environment aer inclusion complex
formation. The H6 proton of a and b-CD remain uneffected
aer inclusion which again supports the fact that the guest
molecule inserts from wider end (Scheme 4).

2.2. Surface tension study

The formation and stoichiometry of the inclusion complexes
can be interpreted with surface tension study.13,14 Adding CD to
water does not change the surface tension (g) of water as it is
hydrophobic in nature. This fact also illustrates that CD is
surface inactive compounds.15 The ionic liquid TTP contains
many long hydrocarbon chains and acts as strong surface active
agent. The g value of TTP is lower than pure water. Here the g
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 1H NMR spectra of (a) a-CD (b) TTP and (c) 1 : 1 molar ratio of a-CD + TTP in D2O in 298.15 K.
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value of a series of solutions of TTP with increasing concentration
of a-CD and b-CD have been measured at 298.15 K (Tables S4 and
S5†). The g value is found to increase for both the CD molecules.
This is probably due to insertion of the hydrocarbon chain of the
ionic liquid from the solution to the hydrophobic cavity of the
host CD molecules. A single distinguishable break appears in the
two surface tension plots depicted in Fig. 3 which suggests the
formation of IC.16,17 The concentrations of TTP and the CD
molecules at the break point (Table 1) is approximately 1 : 1 which
further conrms the stoichiometric ratio of the two ICs as 1 : 1.
More number of breaks in the plot suggests complex stoichiom-
etry of the complex such as 1 : 2, 2 : 1, 2 : 2 etc. The surface
tension at the break point is slightly higher for b-CD indicating it
a better host compared to a-CD.
2.3. Conductivity study

Conductivity study also supports the formation and stoichi-
ometry of the two inclusion complexes formed.18,19 The aqueous
This journal is © The Royal Society of Chemistry 2017
solution of the ionic liquid TTP shows considerable conduc-
tivity as it exists as a charged structure. In this study the
conductivity of a series of solutions of TTP with increasing
concentration of a-CD and b-CD have been measured at
298.15 K (Tables S4 and S5†). The conductivity value shows
regular decrease and aer a sharp break point the conductivity
value almost becomes constant. Similar results obtained in case
of both host CDmolecules. The decrease in the k value probably
due to the encapsulation of the long hydrocarbon chain of the
guest TTP molecules in the hydrophobic cavity of CD. The
values of k and corresponding concentration of the host CD
molecules are reported in Table 1 which suggests that the ratio
of concentration of TTP and the CD at the break point is almost
1 : 1. The appearance of sharp break (Fig. 4) points suggest the
formation of inclusion complex and also the stoichiometry as
1 : 1.20

The break point indicates certain concentration where
maximum number of TTP molecules are inserted in CD
RSC Adv., 2017, 7, 40803–40812 | 40805
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Fig. 2 1H NMR spectra of (a) b-CD (b) TTP and (c) 1 : 1 molar ratio of b-CD + TTP in D2O in 298.15 K.

Scheme 4 Plausible mechanism of formation of inclusion complex
between TTP and CD molecule.
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molecule ever before.11 A dynamic equilibrium exsists between
the guest ionic liquid and host CD molecules

Ionic liquid + cyclodextrin # inclusion complex
40806 | RSC Adv., 2017, 7, 40803–40812
Maximum inclusion takes place at break point, aer it the
concentration of CD is higher than the concentration of TTP
and the equilibrium shis more towards the formation of IC.
2.4. Density study: illustrates the interaction

The interaction between the ionic liquid and the host molecules
can be nicely explained with the help of density study. The
apparent molar volume (4v) and limiting apparent molar volume
ð4�

vÞ have been calculated to explain the interaction. 4v can be
dened as the summation of volume of the central solute mole-
cule and changes in the solvent volume as a result of interaction
of the solute around its co-sphere.21 The TTP forms a ternary
solution system with aqueous CD molecules. Here TTP acts as
solute and the CD plays the role of co-solvent. 4

�
v illustrates the

interaction between them in the following system. 4v values have
been determined from the solvent density (measured at 298.15 K)
(Table S3†) using eqn (S5)† as mentioned in ESI (Table S6†). 4

�
v

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Variation of surface tension of aqueous TTP solution with increasing concentration of (a) a-CD (b) b-CD respectively at 298.15 K.

Table 1 Values of surface tension (g) and conductance (k) data the
break point with corresponding concentration of a and b-CD at 298.15 K

TTP

a-CD b-CD

Surface tension

Concentration
(mM) g mN m�1

Concentration
(mM) g mN m�1

5.30 45.57 5.24 45.84

Conductivity

Concentration
(mM) k mS m�1

Concentration
(mM) k mS m�1

4.97 2.59 4.95 2.56

Fig. 5 Plot of limiting molar volume ð4�
vÞ against mass fraction (w) of

aqueous a-CD and b-CD for TTP (a-CD blue, b-CD brown) at 298.15 K.

Fig. 6 Plot of viscosity B-coefficient against mass fraction (w) of
aqueous a-CD and aqueous b-CD for TPP (blue and green respec-
tively) at 298.15 K.
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values were calculated by applying least square treatments to the
plots of 4v versus Om with the help of Masson eqn (ESI (S6)†).22,23

The limiting apparent molar volumes are depicted in Fig. 5. 4v

and 4
�
v values shows decreasing and increasing trend respectively

for TTP with the increase of concentration of CD molecules. This
trend clearly indicates that for this ionic liquid the ion-
hydrophilic group interactions are more than ion-hydrophobic
Fig. 4 Variation of conductivity of aqueous TTP solution with increasing concentration of (a) a-CD (b) b-CD respectively at 298.15 K.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 40803–40812 | 40807
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Fig. 7 Plot of limiting molar refraction ðR�
MÞ for TPP in different mass

fraction of aqueous a-CD and b-CD at 298.15 K.
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interactions. The limiting apparent molar volume increases
regularly with increasing mass fraction of CD molecules. The
value is slightly higher for b-CD indicating that it is a better host
for TTP. The probable reason behind the assumption is that the
hydrocarbon chains are encapsulated in the hydrophobic cavity of
host CD and the positively charged P atoms interacts with the
hydrophilic –OH groups of the CD present in the rim. The larger
cavity of b-CD helps to formmore stable inclusion complexes with
TTP as it contains more number of polar –OH groups.
Fig. 8 FTIR spectra of (a) TTP (b) a-CD and (c) TTP-a-CD inclusion com

40808 | RSC Adv., 2017, 7, 40803–40812
2.5. Viscosity

The inclusion of the ionic liquid TTP in the CD molecule can be
also explained with the help of viscosity study.24,25 The viscosity of
the solution increases with the increase of the molarity of TTP in
this ternary system due to structure making contribution of CD
with water molecules (Table S3†). The viscosity B coefficient have
been determined (Table S6†) which explains the solute solvent
interactions based upon the size and shape of solvent molecules.
This parameter is found to be positive and depicted in the Fig. 6.
The rising value of B signies the increasing interaction of TTP
with CD and higher solvation.21 The long hydrophobic decyl chain
is encapsulated in the CD cavity. Again the B value is higher for
b-CD than a-CD as the former is better host due to larger diameter
than the latter. The viscosity result shows similarity with that of
density study and it can be concluded that the structure of CDs
and TTP are responsible for this kind of interaction.

2.6. Refractive index

The refractive index (hD) also explains the interaction between the
ionic liquid TTP with CD molecules.20,21 It also supports the data
obtained from density and viscosity data. The hD values for a series
of solutions are measured (Table S3†) with increasing molarity of
plex.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 FTIR spectra of (a) TTP (b) b-CD and (c) TTP-b-CD inclusion complex.
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TTP. The molar refraction (RM) and limiting molar refraction ðR�
MÞ

of the solutions were also determined using the eqn (S9) and (S10)
mentioned in ESI (Table S6).† The plot (Fig. 7) shows that the R

�
M

value increases with the increase of mass fraction of TTP. The
increasing values of both RM and R

�
M signify the ternary solution
Fig. 10 ESI mass spectra of TTP-a-CD inclusion complex.

This journal is © The Royal Society of Chemistry 2017
becomes more compact and dense. This means the inclusion
complex of TTP with both the CD molecules are closely packed
than TTP probably due to greater hydrophobic and ion-hydrophilic
interactions. The higher R

�
M value for b-CD illustrates that it can

better accommodate the ionic liquid in comparison to a-CD.
RSC Adv., 2017, 7, 40803–40812 | 40809
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Fig. 11 ESI mass spectra of TTP-b-CD inclusion complex.
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2.7. FTIR spectra

The encapsulation of TTP in the hydrophobic cavity of CD was
conrmed from FT-IR spectroscopy as the band resulted from
the inserted part of TTP showed a shi or their intensities are
changed.26,27 FT-IR spectra of TTP, a-CD, b-CD and the inclusion
complexes were represented in Fig. 8 and 9. The various
frequencies of the above mentioned compounds are reported in
Table S8.† The IR spectrum of the ionic liquid can be charac-
terized by principal absorption peaks at 3372.75 (symmetrical
stretching of –C–H from CH3), 2941.63 (symmetrical stretching
of –C–H from –CH2), 1454.58 (stretching of P–CH2–) etc. The
broad –O–H stretching frequency for a-CD and b-CD was
observed at 3412.10 and 3349.84 cm�1 respectively. In the two
IC's the –O–H frequency shied to lower region i.e.; 3378.08 and
3335.76 cm�1 for a-CD and b-CD respectively. The reason
behind the fact is the involvement of the –O–H groups of both
the CDs in hydrogen bonding with the guest TTP molecule.28,29

The prominent peaks of the ionic liquid for –P–CH2, –CH3,
–CH2– of the hydrocarbon chains are shied in both the IC's.
The changes in the FT-IR spectra of TTP are due to the
Table 2 Binding constants (Kb) of various ionic liquid–cyclodextrin
inclusion complexes from conductivity study

Binding constantb Kb � 10�3/M�1

Temperaturea/K TTP-a-CD TTP-b-CD

293.15 2.35 2.47
298.15 2.14 2.27
303.15 1.98 2.02

a Standard uncertainties in temperature u are: u(T) ¼ �0.01 K. b Mean
errors in Kb ¼ �0.01 � 10�3 M�1.

Table 3 Binding constants ðK*
bÞ of various ionic liquid–cyclodextrin

inclusion complexes from NMR study at 298 K

Inclusion
complex Binding constant; K*

b � 10�3=M�1

TTP-a-CD 2.16
TTP-b-CD 2.30

40810 | RSC Adv., 2017, 7, 40803–40812
restriction of the vibration of free TTP molecules as the hydro-
carbon chains are inserted in the cavity of CD molecules. No
additional peaks are obtained in the spectra of IC's. This fact
again suggests that only non covalent interaction exsists
between the CD and TTP, only van der Waal's interaction are
present.30,31
2.8. HRMS study

The characterisation of the two inclusion complexes can also be
done by ESI-MS study.32,33 Although it is difficult to interpret
sometimes but m/z value helps to characterise the inclusion
complexes formed. Fig. 10 and 11 shows the MS spectra of the
two inclusion complexes TTP + a-CD, TTP + b-CD respectively.
The intense peaks at m/z 1491.80 and 1653.85 indicates the
proton adduct of TTP-a-CD IC and TTP-b-CD IC. No other
signicant peaks are observed at higher values. This study
conrms the formation of two inclusion complexes with 1 : 1
stoichiometry.34,35
2.9. Binding constants: non linear isotherms

Association constants (Kb) of the two inclusion complexes have
been determined from conductivity study.25 The insertion of the
ionic liquid molecule into the hydrophobic cavity of the two CD
molecule results the change in conductivity of the aqueous
solution. A non linear programme was used to determine the
binding constants depending upon this fact.36,37 There exsists
an equilibrium between guest TTP and host CD molecules
leading to the formation of 1 : 1 inclusion complex. The equi-
librium can be represented as

TTPf þ CDf )*
Kb

IC (1)

The expression of the binding constant can be obtained from
the above equation as

Kb ¼ ½IC�
½TTP�f ½CD�f

(2)

In the above equation, [IC], [TTP]f and [CD]f express the
equilibrium concentration of the inclusion complex, free TTP
This journal is © The Royal Society of Chemistry 2017
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and cyclodextrin molecule respectively. The binding constant Kb

can be expressed in terms of conductivity k as

Kb ¼ ½IC�
½TTP�f ½CD�f

¼ ðkobs � koÞ
ðk� kobsÞ½CD�f

(3)

where,

½CD�f ¼ ½CD�ad �
½TTP�adðkobs � koÞ

ðk� koÞ (4)

where ko, kobs and k represent the conductivity of TTP initially,
during addition of host and nal state respectively. [TTP]ad and
[CD]ad are the concentrations of IL and the added CD respec-
tively. Application of the non linear programme to the binding
isotherms gives the value of Kb (Table 2). The association
constant for TTP is slightly higher in case of b-CD probably due
to the reason that it can better accommodate the ionic liquid
due to its more larger dimension compared to a-CD.

Binding constants ðK*
bÞ of the two inclusion complexes have

also been calculated by similar process from NMR shis of the
CD proton signals upon addition of TTP in the D2O solution at
298 K and shown in Table 3.21 These data are comparable with
that found form conductivity studies. Here also the binding
constant for b-CD is higher than a-CD, conrming that b-CD
can better encapsulate TTP due to its similar sized cavity
compared to a-CD.

3. Conclusion

The present article conrms that the above mentioned ionic
liquid trihexyltetradecylphosphonium chloride forms inclusion
complex with both a and b-CD in aqueous medium and in solid
state. These two ICs can be used for controlled release of this
ionic liquid. 1H-NMR study conrms the inclusion phenom-
enon whereas surface tension and conductivity study reveal the
1 : 1 stoichiometry of the complexes. Density, viscosity and
refractive index study show the interaction between the guest
and host CDs. FT-IR spectra and mass spectra also supported
the formation of IC. The binding constants for the formation of
the two ICs have been evaluated from non linear isotherms
using conductivity and NMR studies. It is found to be higher for
b-CD. These two ICs have application in various industrial
processes to make them greener.

4. Experimental section
4.1. Source and purity of samples

Trihexyltetradecylphosphonium chloride, a-cyclodextrin and b-
cyclodextrin of puriss grade were bought from Sigma-Aldrich,
Germany. The chemicals are used in the experiment in the
same condition as purchased. The mass fraction purity of TTP,
a-cyclodextrin and b-cyclodextrin are $0.98, $0.99 and $0.98
respectively.

4.2. Apparatus and procedure

The above mentioned ionic liquid trihexylte-
tradecylphosphonium chloride and the two CDs are freely
soluble in triply distilled, deionized and degassed water. The
This journal is © The Royal Society of Chemistry 2017
stock solutions of TTP and aqueous CD were prepared by mass
at 298.15 K. Mettler Toledo AG-285 (uncertainty 0.0001 g) was
used for weighing.

1H NMR spectra were taken in D2O at 300 MHz with help of
Bruker Advance instrument at 298.15 K. Signals are mentioned
as d values in ppm. The internal standard is D2O (protonated
signal at 4.79 ppm). Data are cited as chemical shi.

The surface tension study was performed with platinum ring
detachment technique using a Tensiometer (K9, KRSS; Ger-
many). The temperature is maintained at 298.15 K by circula-
tion of thermostated water through a double wall glass vessel
containing the solution. The accuracy of the instrument is
about �0.1 mN m�1.

The conductivity study was carried out using a Mettler Toledo
Seven Multi conductivity meter (uncertainty �1.0 mS m�1) in
a thermostated water bath at 298.15 K. HPLC grade water was
used with a specic conductance of 6.0 mS m�1. Calibration of
the conductivity cell was done with 0.01M aqueous KCl solution.
Uncertainty of temperature was �0.01 K.

The densities (r) of the series of solutions were measured by
vibrating U-tube Anton Paar digital density meter (DMA 4500 M)
(precision �0.00005 g cm�3). Calibration of the density meter
was carried out by standard method. Uncertainty of tempera-
ture was �0.01 K.

The viscosities (h) of the solutions are measured with
Brookeld DV-III Ultra Programmable Rheometer (spindle size
42). Other information has already mentioned.

Digital Refractometer from Mettler Toledo has been used to
measure the refractive index of the solutions (uncertainty
�0.0002 units). Other information has already mentioned.

The two inclusion complexes of the ionic liquid TTP with both
CD molecules (TTP + a-CD, TTP + b-CD) have been prepared in
1 : 1 molar ratio. 1.0 mmol a-CD and 1.0 mmol TTP were sepa-
rately dissolved in 30 ml water. The two solutions were separately
stirred for 4 hours. Then the aqueous solution of the TTP was
drop wise added to aqueous a-CD solution. The mixture is stirred
for 72 hours at about 60 �C. The solution is ltered at 60 �C and
allowed to cool to 10 �C. It was kept for 12 hours. Aer that the
suspension was ltered and white crystalline powder was found.
It was washed with ethanol and dried in air.

The solid inclusion complexes are dissolved in methanol.
HRMS spectra were recorded with a Q-TOF high resolution
instrument by positive mode electro-spray ionization.

FTIR spectra were taken by Perkin Elmer FTIR spectrometer
by KBr disk technique. For preparation of KBr disk 1 mg of the
solid inclusion complex and 100 mg KBr were mixed. The
scanning range of the spectra is 4000–400 cm�1 at room
temperature.
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