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Hydrophobic  anions of  ionic  liquids
can interact  with  TX-114  micelles.
The  hydrophobic  anions  are  located
at the head  group  area  of  TX-114
micelles.
The  anion  of  ionic  liquid  affects
the hydration  of the  ethylene  oxide
groups.
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a  b  s  t  r  a  c  t

The  interactions  between  hydrophobic  anions  of  ionic  liquids  (ILs)  and  Triton  X-114  (TX-114)  micelles
were  studied  in  this  work.  The  1-alkyl-3-methylimidazolium  based  ILs  with  the  anions  bromide  (Br−),
tetrafluoroborate  (BF4

−), hexafluorophosphate  (PF6
−)  and  bis(trifluoromethylsulfonyl)imide  (NTf2

−)
were  selected  to study  their  effects  on  physicochemical  properties  of  the  TX-114  micellar  solution.  Both
the  hydrophilic  ILs  with  long  alkyl  (e.g.,  C12mimBr)  and hydrophobic  ILs  (e.g.,  C4mimNTf2)  significantly
influenced  the  aggregate  size  and  increased  the absolute  value  of zeta potential  as  well as  the  cloud  point.
onic liquid
icelles

nion
ydrophobic interaction

However,  C4mimNTf2 changed  the  critical  micellar  concentration  (CMC)  and  the  aggregation  number
much  less  whereas  made  the  micellization  enthalpy  decrease  more  obviously  than  C12mimBr  did.  It was
suggested  that the  hydrophobic  IL  anions  (PF6

−, NTf2
−)  are  located  at the  head  group  area  of  TX-114

micelles  and  interact  with  the  ethylene  oxide  groups  of  TX-114  molecules.  This  work  gives  a  further
understanding  of the  interactions  between  IL cation/anion  and  micelles.
. Introduction

Ionic liquids (ILs), which are composed of organic cations and
rganic/inorganic anions, receive much attention because of their
nique properties such as low melting points, negligible vapor pres-

ure, non-flammability, etc.  They are considered to be potential
© 2014  Elsevier  B.V.  All  rights  reserved.
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Table 1
Peak radii of the aggregate size (Rpeak), zeta potential and cloud point of TX-114
(10 mmol dm−3) aqueous solutions upon the addition of 1 mmol dm−3 of ILs.

IL Rpeak (nm) Zeta potential (mV) CP (K)

No IL 32 −1 ± 2 296.7
C4mimBr  32 1 ± 1 297.1
C6mimBr  31 −1 ± 2 301.1
C8mimBr  

  1 ±F1 1 Tf
6/GS1 gs
BT
/5761 499.1534 717.6946 Tm
(2)Tj
ET
/GS1 gs
BT
/F2 1 Tf
/GS1 gs
BT
/F2 2 416.6841 709.1268 Tm
/GS1 gs
BT
/F2 1 7m
/F1 1 Tf
6/GS1 gs
BT
/31F2 571.4327 734.8304 Tm
(296.7)Tj
-34.8402 -1.3438 TD
(C)Tj
6F1 58 0 0 6.

mimBr

 

ig. 1. Typical data obtained from ITC experiments performed with 2 mmol  dm−3

f TX-114 aqueous solution titrated to 5 mmol  dm−3 of C4mimNTf2.

.2.3. Cloud point measurements
The determination of cloud point was based on the variation

f the UV–vis absorbance as temperature was elevated, according
o the method in the literature [35,36]. UV–vis absorption spectra
ere measured on a U-3010 (Hitachi, Japan) spectrophotometer.

.2.4. 19F NMR
19F NMR  spectra of ILs (1 mmol  dm−3) dissolved in D2O in the

resence of TX-114 (10 mmol  dm−3) were recorded on a Bruker
V400 MHz  NMR  spectrometer.

.2.5. Isothermal titration calorimetry (ITC)
ITC was carried out on a Nano ITC 2G (TA, USA). The CMC  and

icellization enthalpy (�Hmic) of TX-114 were simultaneously
etermined by ITC method in the absence and presence of ILs. In an

TC experiment, the TX-114 solution (2 mmol  dm−3) in the syringe
as injected in a total of 31 drops by each of 8 �L into the measuring

ell filled with the aqueous solution of a specific IL (5 mmol  dm−3).
he temperature was controlled at 293.2 K. The rotational speed of
he stirrer was 250 min−1 and the equilibrium time between two
njections was set at 450 s for the signal to return to the baseline. The
ilution heat of water to the corresponding IL solution was deter-
ined in a separate run and was subtracted from the determined

eat flow. Fig. 1 shows the typical data obtained from an ITC exper-
ment, and the �Hmic value is indicated by the three fitting lines.
he CMC  is defined as the concentration at which the first deriva-
ive of the sigmoidal curve reaches a maximum. The uncertainties
or both CMC  and �Hmic are less than ± 5%.

In the titration of an IL solution (10 mmol  dm−3) to the TX-114
olution (10 mmol  dm−3) at 293.2 K, a total of 25 drops by each of
0 �L were injected into the measuring cell with an equilibrium
ime of 500 s. The dilution heat of IL solution to water was also
etermined and subtracted.

.2.6. Aggregation number determination
The aggregation number of surfactant (Nagg) for the aqueous

X-114 micelles in the presence of ILs was obtained by observing
he fluorescence quenching behavior of pyrene by BP at 293.2 K,
epicted as the following equation [37]:

n

(
I0
I

)
= Nagg

C − CMC
CBP (2)
Q TX−114

here I0 and IQ are the fluorescence intensities of pyrene in the
bsence and presence of the quencher BP, respectively; CTX-114 and
BP are the concentrations of TX-114 and BP in aqueous solution,
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C12mimBr  to TX-114 shows negligible heat, whereas an evidently
exothermic process is observed in the titration of C4mimNTf2 or
C4mimPF6 to TX-114, consisting with the result that C4mimNTf2
and C4mimPF6 interact with the TX-114 micelles as mentioned
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14

Q/mL
ig. 5. 19F NMR  spectra of 1 mmol  dm−3 of C4mimBF4, C4mimPF6 and C4mimNTf2

n the absence and presence of 10 mmol  dm−3 of TX-114.

nduces an increase of �max, of which C4mimNTf2 shows a more
emarkable effect.

.5. 19F NMR  study

The 19F NMR  spectra of 1 mmol  dm−3 of C4mimBF4, C4mimPF6
nd C4mimNTf2 in water and in 10 mmol  dm−3 of TX-114 aque-
us solution are shown in Fig. 5. The signals of C4mimBF4 show no
bvious variation as TX-114 is added whereas those of C4mimPF6
nd C4mimNTf2 shift downfield with a value of 0.08 and 0.19 ppm,
espectively.

.6. ITC experiments

ITC is a useful technique for acquiring information of the self-
rganization of surfactants [39]. From an ITC experiment, one can
btain the CMC  value and the micellization enthalpy (�Hmic) of a
urfactant. In this work, we utilized ITC to detect the influence of
Ls on these two parameters for the TX-114 micelles. The results
f TX-114 aqueous solution titrated to aqueous solution of ILs
5 mmol  dm−3) are presented in Fig. 6, and the values of CMC  and

Hmic are listed in Table 2.
Our result for the CMC  value of TX-114 is 0.24 mmol  dm−3, con-
isting with those in the literature [40–42]. Addition of C12mimBr
emarkably decreases the value of CMC  to 0.11 mmol  dm−3. Com-
ared with C12mimBr, C4mimX  (X = Br−, BF4

−, PF6
− and NTf2

−)
enerally shows little effect on the variation of the CMC  value. The

able 2
MC and �Hmic values of TX-114 in aqueous solutions containing 5 mmol dm−3 of

Ls.

CMC  (mmol  dm−3) �Hmic (kJ mol−1)

No IL 0.24 6.9
C4mimBr 0.24 6.6
C4mimBF4 0.24 6.4
C4mimPF6 0.23 5.4
C4mimNTf2 0.20 5.3
C12mimBr 0.11 7.1
Fig. 6. ITC data for 2 mmol  dm−3 of TX-114 titration into 5 mmol dm−3 of different
ILs.

value of �Hmic is 6.9 kJ mol−1 for TX-114 in the absence of ILs, which
means that the micellization of TX-114 in water is an endothermic
process. Enhancing the hydrophobicity of ILs decreases the mice-
llization enthalpy of TX-114. According to the literature [39], when
sigmoidal curves are obtained, they can be divided into three con-
centration ranges showing successively: (i) the dissociation of the
micelles into unimers, (ii) the micellization of the surfactant, and
(iii) the dilution of the micelles. One can see that, as the hydropho-
bicity of ILs increased, the decrease of the micellization enthalpy
of TX-114 is attributed to the fact that ILs make the process of the
dilution of the TX-114 micelles more exothermic, suggesting an
interaction between ILs and the TX-114 micelles. Unlike the strik-
ing decrease in CMC, insignificant effect by C12mimBr is observed
in the dilution of TX-114 micelles.

We subsequently performed titrations of ILs to the aqueous
solutions of the TX-114 micelles, in which the concentrations of the
ILs and TX-114 surfactant are both 10 mmol  dm−3. Fig. 7 shows the
total heat as a function of the volume of the titrant. The titration of
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Fig. 7. Total heat as a function of the volume of the titrant during the titration
of 10 mmol  dm−3of C4mimBr (�), C4mimBF4(©), C4mimPF 6(�), C4mimNTf2(�),
C12mimBr  (♦), LiNTf2(+), and KPF6(×) to 10 mmol dm−3of TX-114.
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bove. For comparison, the titration of LiNTf2 aqueous solution to
X-114 aqueous solution is also carried out, and the heat released is
dentical to that of C4mimNTf2 to TX-114. Similar case is also found
uring the titration of C4mimPF6/KPF6 3
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Notably, the hydrophobic interaction is related to the concen-
ration of ILs. For the hydrophobic ILs, the hydrophobic interaction
etween the hydrophobic IL anions (e.g., 
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