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’ INTRODUCTION

Cyclodextrins (CDs), a series of doughnut-shaped cyclic
oligosaccharides composed of six, seven, and eight D-(+)-glucose
units named α-, β-, and γ-CD, respectively, can form inclusion
complexes with a number of organic and inorganic guest
molecules.1�6 They are commercially available, nontoxic, and
water soluble, which makes them suitable for numerous applica-
tions in the pharmaceutical industry, foodstuffs, and so on.7,8

Ionic liquids (ILs), which consist of organic cations and appro-
priate anions, have been regarded as a good alternative to
conventional and environmentally detrimental volatile solvents.
Their intriguing properties such as negligible vapor pressures,
nonflammability, tunable physicochemical properties, high elec-
trical conductivities, and wide electrochemical windows make
them extensively studied in the fields of chemical reactions,
separations, and electrochemistry.9�14 Furthermore, in the field
of supramolecular chemistry, ILs are becoming more and more
important. They could either directly participate in the assembly
of supramolecular organizations or influence the assembly of
various supramolecular structures.15 The combination of CDs
and ILs is interesting and has been applied in supramolecular
systems with novel structures and properties,16�22 in catalysis,23

in separations,24�29 etc. As a result, the interaction between CD
and IL is of great importance and there are some reports on this
subject.30�
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the state of these ILs in aqueous solutions, the contact ion
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where Ci (i = 1�5) is a complex function of the product kR, as
given in the literature.47 f( and R are the mean activity coefficient
of the ions and the ion distance parameter, respectively, and Λm

0

and KA are the limiting molar conductivity and ionic association
constant of the ILs, respectively. The other parameters have the
usual meanings.
The values of α,Λm

0 , KA, and f(
2 can be determined by means

of nonlinear least-squares iterations. In practice, the calculations
were performed by finding the values of the parameters after
making the objective function eq 10 to be minimized:52,53

S ¼ ∑
n

i¼ 1
ðΛcalc

m, i �Λexp
m, iÞ2wi ð10Þ

where wi is the weighting factor.

’RESULTS AND DISCUSSION

Competitive Fluorescence Method. The competitive fluor-
escence method has been applied to study the interaction
between host and guest successfully.36,37,54 Substituted 3H-
indoles such as molecule 1 are sensitive to microenvironments
and have been used as probes to study cyclodextrin-based
supramolecular systems,55,56 which are especially suitable for
the systems of weak interactions between hosts and guests, e.g.,
β-CD and 1-butyl-3-methylimidazolium chloride (C4mimCl).32

The fluorescence spectra of 1 in the CnmimPF6/β-CD system
were measured, and those in the C2mimPF6/β-CD system are
shown in Figure 1a. Within the range of the concentration
studied in this paper, the ILs CnmimPF6 exhibit no obvious
fluorescence emission. The fluorescence intensity of 1 in the
aqueous solution of CnmimPF6 is slightly larger than that in
water, which means the ILs cannot quench the fluorescence of 1.
Consequently, all the fluorescence spectra originate only from
probe 1. Similar to the previous report,46 the K0

1, K0
2, I1/I0, and

I2/I0 values (K0
1 and K0

2 are the association constants for 1:1 and
1:2 complexes between 1 and β-CD, respectively; I0, I1, and I2
stand for the fluorescence intensity of 1 in pure water, in the 1:1
complex, and in the 1:2 complex, respectively) estimated are
856( 148 M�1, 2248( 158 M�1, 5.17( 1.45, and 13.9( 0.2,
respectively, with a correlation coefficient r2 = 0.999 by nonlinear
regression analysis. The values are close to those reported in the
literature.55,56 The equilibrium concentrations of β-CD, i.e.,
[CD], at different [CnmimPF6]0 (the initial concentration of
CnmimPF6) can be calculated using the K0

1, K0
2, I1/I0, and I2/I0

values.55 The concentration of β-CD binding with CnmimPF6
can be obtained from [CD]0 � [CD]. Figure 1b shows the
variation of [CnmimPF6]0 as a function of [CD]. For the 1:1
inclusion complex, [CnmimPF6]0 is related to [CD] by the
following equation:

½CnmimPF6�0 ¼ ð½CD�0 � ½CD�Þð1 þ K1½CD�Þ
K1½CD� ð11Þ

For the coexistence of 1:1 and 1:2 inclusion complexes, K1 and
K2 can be obtained by the following equation:

½CnmimPF6�0 ¼ ð½CD�0 � ½CD�Þð1 þ K1½CD� þ K1K2½CD�2Þ
K1½CD� þ 2K1K2½CD�2

ð12Þ

The results of the interaction between β-CD and CnmimPF6
are shown in Table 1. Both C2mimPF6 and C4mimPF6 form 1:1
inclusion complexes with β-CD, whose association constants are
slightly larger than that of KPF6 with β-CD. C6mimPF6 also
forms the 1:1 complex with β
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remarkably. After 5 M urea is added, only the 1:1 complex is
formed.
NMRMeasurements. The established method of continuous

component variations according to Job and Blanda was used to
confirm the complex stoichiometry,19,57 which is especially
proper to strengthen the conclusion that only one kind of
complex is present.48 As for the interaction between ILs and
CDs, the method has been applied for the complexation between
Tf2N

� and β-CD.19 Job plots of KPF6 or CnmimPF6 with β-CD
are shown in Figure 2. In Figure 2a, the maximum value for KPF6
corresponds to 0.5.When the influence of β-CD on the 19F signal
of C2mimPF6 and C4mimPF6 was tested, a maximum at 0.5,
similar to that of KPF6, was found (data not shown), certifying
that KPF6, C2mimPF6, and C4mimPF6 form 1:1 inclusion
complexes with β-CD. No obvious shift of the 1H signals of
C2mimPF6 and C4mimPF6 was observed in the presence of
β-CD. For C6mimPF6 and C8mimPF6, a significant influence of
β-CD on both the 1H and 19F signals of the ILs was found. As is
shown in Figure 3, the 1H signal of CH2 groups in the alkyl side

chain is widened upon the addition of β-CD and shifted down-
field from 1.30 ppm (Figure 3a) to 1.31 ppm (Figure 3b),
indicating that the long alkyl chains of C6mimPF6 and
C8mimPF6 have close contact with β-CD.32 The maximum of
the 19F signal at 0.5 in Figure 2a for the C6mimPF6/β-CD system
ensures the formation of only the 1:1 inclusion complex. In
Figure 2b, a maximum of 19F deviating from 0.5 suggests the
existence of a second complex between C8mimPF6 and β-CD.
Upon the addition of 5 M urea, the maximum of 19F signals
returning to 0.5 indicates the formation of only the 1:1 inclusion
complex under this condition, in agreement with the results of
the competitive fluorescence method.
Conductivity Measurements. In order to understand the

state of the CnmimPF6 ILs in aqueous solutions, conductivity
measurements were carried out. The molar conductivities of
KPF6 and CnmimPF6 aqueous solutions are shown in Figure 4.

Table 1. Stoichiometry and Association Constants of KPF6 and CnmimPF6 (n = 2, 4, 6, 8) with β-CD in Water and of C8mimPF6
with β-CD in the Aqueous Solution of Urea by Competitive Fluorescence Method

C8mimPF6

KPF6 C2mimPF6 C4mimPF6 C6mimPF6 [urea] = 0 [urea] = 3 M [urea] = 5 M

stoichiometry 1:1 1:1 1:1 1:1 1:1 and 1:2 1:1 and 1:2 1:1

K1/M
�1 100 ( 1 121 ( 2 159 ( 3 371 ( 15 1177 ( 95 1086 ( 85 888 ( 49

K2/M
�1 � � � � 259 ( 39 46 ( 15 �

Figure 2. Job plots derived from the chemical shift of fluoric atoms in
PF6

� for β-CD solutions mixed with (a) KPF6 (O) and C6mimPF6 (b),
and (b) C8mimPF6 in the absence (O) and presence (b) of 5 M urea.

Figure 3. 1H NMR spectra of (a) free C6mimPF6, and (b) mixture of
C6mimPF6 and β-CD in D2O. The inset is the magnifying plot from 0.6
to 2.6 ppm.

Figure 4. Molar conductivity vs the concentration of CnmimPF6 and
KPF6 in water. From bottom to top: C8mimPF6 (b), C6mimPF6 (0),
C4mimPF6 (2), C2mimPF6 (O), and KPF6 (9).
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The molar conductivity, Λm, values of 0.5�50 mM KPF6, 0.5�
50 mM C2mimPF6, 0.5�50 mM C4mimPF6, 0.5�20 mM
C6mimPF6, and 0.5�5 mM C8mimPF6 aqueous solutions are
121.8�109.0, 89.9�72.7, 83.5�68.6, 81.1�73.8, and 78.0�
71.1 S 3 cm

2
3mol

�1, respectively.
Before the interaction pattern between CnmimPF6 and β-CD

in aqueous solutions is discussed, one should consider the state of
these ILs. Significant attention has been devoted to the study of
the IL-rich part of the water�IL binary phase diagram. It was
suggested that, with the continuous increase in the amount of
water, the network structure of pure ILs is destroyed into huge
ionic clusters, which are then dissociated into water-surrounded
ion pairs.41 There are also some reports on the state of dilute IL
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aqueous solution are shown in Table 5. NegativeΔG values show
that the inclusion processes proceed spontaneously. In the case
of KPF6, C2mimPF6, and C4mimPF6, negative ΔH and ΔS
values mean that the inclusion complexation is exothermic and
enthalpy controlled, but not entropy driven. This is the common
situation concerning the formation of inclusion complexes
between CDs and various guest molecules. Though the negative
ΔS
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β-CD.19,32 It is implicated that when the second β-CD interacts
with the anion moiety or the cation one of the spatially separated
ion pair S-1 or S-2, because the lattices are destroyed, and the
electrostatic forces between the cation moiety Cnmim+ and the
anion one PF6

� decrease, the intermediate complex (β-CD�
Cnmim

+) 3 (PF6
��β-CD) (S-3) dissociates into Cnmim+�β-CD

(S-4) and PF6
��β-CD (S-5). The dissociated C6mim+ forms 1:1

inclusion complex with β-CD, and the formation of the 1:2
C8mim

+�β-CD2 (S-6) inclusion complex, is related to the molar
ratio of C8mim

+ to β-CD. For Cnmim+, it is deduced that the
hydrophobic alkyl side chain interacts with β-CD by NMR
measurement. Amajjahe et al.19 reported that Tf2N

� and PF6
�

are accommodated by β-CD while the atoms with negative charge
prefer to be out of the cavity. In our previous work, we also found
that Tf2N

�, PF6
�, and BF4

� could interact with β-CD to a great
extent, and atomswith negative charge such asN�, P�, and B� are
out of β-CD.36,37 By themeasurement of 19FNMR, it is found that
the fluorine signals of PF6

� are shifted greatly on the addition of
β-CD (Figure 2). Combining the results in the references, we
suggest that the fluorine atoms of the anion enter the cavity ofβ-CD
while the atom with negative charge P� is out of β-CD. Conse-
quently, the driving force ismainly the hydrophobic interaction. The
results agree with those of other anions such as BF4

�.
As a result, a multiple equilibria interaction pattern between

CnmimPF6 and β-CD in aqueous solutions is suggested as shown
in Scheme 2. The interaction of the Cnmim+

3 PF6
� ion pair with

β-CD as in the frame generally complies with the previous
pattern.37 However, when the second β-CD interacts with the
spatially separated ion pair, (β-CD�cation) 3 anion (S-1) or cation 3
(anion�β-CD) (S-2), the formed complex (β-CD�cation) 3
(anion�β-CD) (S-3) may dissociate into cation�β-CD (S-4)
and anion�β-CD (S-5) complexes. Moreover, the dissociation
equilibriumof the ion pair is included in the pattern. The dissociated

cations and anions interact with β-CD randomly. For the anion
PF6

�, it interacts with β-CD and forms the 1:1 PF6
��β-CD (S-5)

complex. Cnmim
+ and β-CD form the 1:1 Cnmim

+�β-CD (S-4)
complex first, which then binds another β-CD to form the 1:2
Cnmim

+�β-CD2 (S-6) complex if the alkyl chain of the IL is long
enough (e.g., C8mim

+).
As is shown in Scheme 2, for the interaction between

C6mimPF6 and β-CD, the compositions of 1:1 species S-1 or
S-2, S-4, and S-5 can be detected. S-3 will dissociate into S-4 and
S-5 complexes. The 1:1 inclusion complex between C6mimPF6
and β-CD is the weighting average of S-1 or S-2, S-4, and S-5. For
the interaction between C8mimPF6 and β-CD, the compositions
of S-1, S-4, and S-5 can also be detected and S-3 will dissociate
into S-4 and S-5. Besides, S-4 will bind another β-CD to form S-6.
The 1:1 inclusion complex between C8mimPF6 and β-CD is the
weighting average of S-1, S-4, and S-5, while the 1:2 inclusion
complex originates from S-6. Therefore, the coexisting 1:1 and
1:2 inclusion complexes can be formed between C8mimPF6 and
β-CD.
Thermodynamic Parameters of the Inclusion Complexes.

When the ILs are C2mimPF6 and C4mimPF6, the interaction of
the ion pairs with β-CD follows path II. For the dissociated ions,
they interact with β-CD and form 1:1 complexes. No matter the
dissociated ions and ion pairs, the interaction is mainly that of
PF6

� with β-CD. Consequently, both the association constants
and thermodynamic parameters are close to those of KPF6�β-
CD (Tables 1 and 5). It has been certified that the strength order
of C2mim+, C4mim+, and PF6

� interacting with β-CD is PF6
� >

C4mim+ > C2mim+.37

For C6mimPF6, an interesting phenomenon is that the ΔS
value for the inclusion complexation is positive, which is strik-
ingly different from that of C2mimPF6 and C4mimPF6 (Table 5).
The phenomenon of positive ΔS for the host�guest association

Table 3. Comparison between Observed m/z Values (m/zobs) and Calculated m/z Values (m/zcalc) for Equal Moles of C2mimPF6
and β-CD (Obtained by ESI/HRMS)

corresponding complex attributed species m/zcalc m/zobs intensitya

S-4 (C2mim�β-CD)+ 1245.461 44 1245.459 05 + +

S-2 (C2mim 3 PF6�β-CD + Na)+ 1413.415 39 1413.408 37 +

S-5 (PF6�β-CD)� 1279.333 40 1279.333 08 + +

S-2 (C2mim 3 PF6�β-CD + HCOO)� 1435.423 27 1435.423 00 +

S-2 (C2mim 3 PF6�β-CD + PF6)
� 1535.389 80 1535.388 75 +

aThe observed intensity is reported in the following relative convention: +, species detected (relative intensity <45%); + +, major species (relative
intensity >45%).

Table 4. Comparison between Observed m/z Values (m/zobs) and Calculated m/z Values (m/zcalc) for Different Molar Ratios of
C8mimPF6/β-CD (Obtained by ESI/HRMS)

corresponding complexes attributed species m/zcalc m/zobs intensitya

[C8mimPF6]/[β-CD] = 1

S-4 (C8mim�β-CD)+ 1329.555 34 1329.553 98 + +

S-1 (C8mim 3 PF6�β-CD + C8mim)+ 1669.705 64 1669.702 67 +

S-5 (PF6�β-CD)� 1279.333 40 1279.336 29 + +

[C8mimPF6]/[β-CD] = 0.5

S-6 (C8mim�β-CD2 + Cl � 2H)2� 1248.940 57 1248.940 67 +

S-6 (C8mim�β-CD2 + 2Cl � H)2� 1267.428 21 1267.427 13 +
aThe observed intensity is reported in the following relative convention: +, species detected (relative intensity <45%); + +, major species (relative
intensity >45%).
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Figure 7. Rate of change in heat caused by the host�guest interaction vs
concentration ratio of host to guest, [Host]/[Guest]. Host represents
β-CD. Guests represent KPF6 (a), C2mimPF6 (b), C4mimPF6 (c),
C6mimPF6 (d), and C8mimPF6 (e), respectively. The points are obtained
from experiment, and the line is the result of regression analysis.

Figure 6. Variation of heat flow P as a function of time. From the top to
the bottom, the titrants are KPF6 (a), C2mimPF6 (b), C4mimPF6 (c),
C6mimPF6 (d), and C8mimPF6 (e), respectively.
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has been observed before.64 In the process, the loss of conforma-
tional freedom is inherently accompanied by a decrease in entropy.
On the other hand, before association, both the host CD and guest
are highly solvated, and the solvent molecules around the host and
the guest are highly ordered. During the association, the solvation
shells of both the host and the guest undergo reorganization
accompanied by the loss of some solvent molecules. This process
creates disorder in the system and thus leads to a favorable entropic
gain. The ΔS is the combined result of these factors.
Different from CnmimPF6 (n = 2, 4, 6), C8mimPF6 can form a

1:2 inclusion complex with β-CD. The process is greatly
exothermic and the ΔS becomes negative again. In order to
understand the driving force of the complexation, urea is added
to the system since the urea effect study is an effective method of
characterizing the hydrophobic nature of the interaction between
CDs and guest molecules.55,56 In agreement with the report in
the literature,55,56 urea gives rise to a much greater decrease inK2

as shown in Table 1. When 5M urea is added to the system, only
the 1:1 complex is formed, which is also certified by the Job plot
of C8mimPF6withβ-CD in the presence of 5Murea (Figure 2b).
As a result, one can see that the main driving force for the
formation of inclusion complexes between CnmimPF6 and β-CD
is the hydrophobic interaction. Combining all the results, one can
see that the strength of the interaction of Cnmim+ and PF6

� with
β-CD follows the order C8mim+ > C6mim+∼ PF6

� > C4mim+ >
C2mim

+, which is in accordance with the conclusion before.37

’CONCLUSIONS

We have investigated the interactions between 1-alkyl-
3-methylimidazolium hexafluorophosphate CnmimPF6 (n = 2,
4, 6, 8) and β-CD in aqueous solutions. The following conclu-
sions are obtained:

1. By conductivity measurement and the computation of
dissociation degree, we have studied the state of the ILs
CnmimPF6 in aqueous solutions. It can be concluded that
the ILs mainly exist as dissociated ions with a minor
percentage of ion pairs within the concentration studied.

2. C2mimPF6, C4mimPF6, and C6mimPF6 form 1:1 inclus-
ion complexes with β-CD, and C8mimPF6 can form a 1:2
complex with β-CD. The inclusion complexation of
C2mimPF6

6Tc
(4)Tj
9.9626 0 0 9.9626 393.4.072315.3259 Tm
.3imPF

6
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two kinds of 1:1 inclusion complexes (path III), of which
the cation with long chain also complexes another β-CD.
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