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The interaction between the ionic liquid (IL) 1-butyl-3-methylimidazolium hexafluorophosphate

([bmim][PF6]) and ethanol and the micro phase behavior for the binary system have been investigated

by dielectric relaxation spectroscopy (DRS) over a frequency range from 10 MHz to 20 GHz under

constant temperature. The dielectric spectra with two relaxation processes were observed, and it could

be satisfactorily fitted by an empirical equation including a non-Debye process at lower frequencies

and a Debye process at higher frequencies. Detailed analysis indicates that either of the two relaxation

processes contain the contributions of different polarization mechanisms, respectively. The low-

frequency process, centered at about 1 GH is mainly due to the reorientation of the polar cation

[bmim]+ and ion pairs formed between cation and anion of the IL and cooperative dynamics of the

ethanol H-bond system; the high-frequency one, located at about 10 GHz is caused by the fast

fluctuation of ion-pairs formed between cation and anion of the IL within the inter-ion distance and

the rotation of singly H-bonded ethanol monomers at the ends of the ethanol chain. The ethanol

concentration dependency of all the relaxation parameters shows a inflection point at the ethanol

mass fraction of 20%, which is consistent with macro phase diagram. This inflection point is the cut-

off point of one phase and two phase. The dielectric analysis indicates that a great micro-structure

difference exists above and below 20%.

1 Introduction

In the last few years, ionic liquids (ILs) have attracted great

attention because they are expected to have potential as green

solvents in a variety of areas1–6 such as synthesis, catalysis,

electrochemistry, separations and so on. Meanwhile, the

increasing utilization of ionic liquids undoubtedly requires some

systematic data of thermodynamic and thermophysical proper-

ties, especially solubility and transport properties, like electric

conductivity and mutual diffusivity and so on. To aid in the

development of ionic liquids for reactions and separations, the

liquid phase equilibria of ionic liquids have been studied in a

variety of different ways, such as IR, UV and quantum chemical

calculations.7 The data obtained by these methods include binary

temperature composition curves of ILs with alcohols,8–13 alkanes

and aromatics,14 and water,9,15–17 ternary temperature composi-

tion curves of ILs with alcohols and water.9,18 Although there is

a general understanding of the liquid phase behavior of ionic

liquids with some organics, the information on the micro-

structure of the mixture is still inadequate, which limits the

further application of ionic liquid. Therefore, it is necessary to

make a deeper analysis of the micro-structure and interaction to

understand the relation between the micro-structure and macro-

scopic phenomenon.

In recent years, the synthesis, properties and applications of a

variety of ionic liquids have been studied, but relatively few of

these investigations have focused on the basic physicochemical

properties of their mixtures with cosolvents, especially with

regards to micro-structure and interaction. For the microscopic

description of the structure, Dupont has made a rough

model,19,20 according to which, pure imidazolium-based ILs

form an extended hydrogen-bond network composed of the

cation and anion of the IL and when a polar cosolvent is added

to the pure IL, this network breaks up, forming some aggregates.

With the increase in cosolvent concentration, the aggregates are

broken down into triple ions (TIs), contact ion pairs (CIPs),

solvent-shared ion pairs (SIPs), solvent-separated ion pairs (S-

SIPs) and free ions in turn as described in the literature.19 For

these species of Dupont’s scheme, many groups have tried to

verify by various means as follows. Wang et al.21 studied the

microscopic structures of 1-butyl-3-methylimidazolium tetra-

fluoroborate ([bmim][BF4]) and acetonitrile (CH3CN) mixtures

by molecular dynamics simulation, their results showed that the

interactions between the cations and anions and between the

CH3CN molecules were enhanced after mixing. Katsuta

et al.22,23 determined the ion pair formation constants of a series

of ILs in dichloromethane and water by the conductance
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method, respectively. Bowers et al.24 investigated the aggregation

behavior of three ionic liquids in aqueous solutions by means of

surface tension, conductivity, and small-angle neutron scattering

(SANS) measurements, from analysis of the SANS data, they

proposed that models for the shapes and sizes of the aggregates

were different according to the length of the carbon chain of the

imidazolium cation and the types of anion. In addition, Wang25–27

and Zheng et al.28 also investigated the aggregation behavior of IL

in salt solutions by means of surface tension, conductivity,

fluorescence detection and other methods. The aggregation

behavior of IL in aqueous or in organic solutions and the

micro-structure of mixtures can be ascribed to various interactions

between the constituent ions of IL and solvents.

From the above analysis, it is explicit that there have been

many available techniques to study the structure and dynamics

of ILs and their mixtures. Nevertheless, they only obtain macro

information of whole solutions to infer inner structure without

directly indicating micro behavior. On the other hand, NMR,

Raman and other spectroscopic techniques generally provide

information only about short-range (bonding) interactions and

have a specific weakness with regard to the detection of S-SIPs.

Dielectric relaxation spectroscopy (DRS) has obvious advan-

tages to solve these problems because it is sensitive to the

polarization processes related to molecular-level dipoles, includ-

ing those associated with fluctuations of the ion pairs inside the

sample. In addition, most of the cations and anions of ILs and

the ion pairs composed of these ions have a dipole moment, this

shows that studying ILs and their mixtures with molecular

solvents by DRS is particularly appropriate and a preferential

choice. Therefore a number of studies on dielectric properties of

ILs have been reported.29–31 For example, Nakamura et al.32

investigated systematically the dynamic behaviors of ILs

consisting of a series of 1-alkyl-3-methylimidazolium cations

and various anionic species over a frequency range from 1 MHz

to 20 GHz at room temperature using DRS and analyzed the

relaxation mechanism with model schemes. Richert33 and

Sangoro34 et al. investigated charge transport, dipolar relaxa-

tions and the dynamics of solvation of the glass-forming ionic

liquid. Weingartner et al.35–38 measured the static dielectric

permittivity of a variety of ionic liquids and explained the

essential difference among them. However, so far few studies

have focused on the micro structure of IL/cosolvent mixtures by

DRS. In recent years, Steinhauser et al.39–41 simulated some

dielectric spectra of IL/co-solvent mixtures. Buchner et al. also

started in detail to study the dielectric properties of many IL/

cosolvent mixtures such as the binary mixtures of [bmim][BF4]

and acetonitrile, methanol, dimethylsulfoxide (DMSO), dichlor-

omethane (DCM),42 water, respectively, 1-ethyl-3-methylimida-

zolium ethylsulfate and dichloromethane,43 N-methyl-

N-ethylpyrrolidinium dicyanamide and dichloromethane.44

Their results showed that only a kind of ion-pair species formed

in water41 and DMSO45 for concentrations of [bmim][BF4]

C[bmim][BF4]
, 3.5 M. For acetonitrile this limitation of

concentration was at about 2.5 M. With the IL mixture

continuously diluted, the cooperative dynamics typical for ILs

transitioned to that of ‘‘normal’’ electrolyte solutions. The

transition concentration varies depending on different solvents.

Undoubtedly, the research above revealed the relationship

between bulk macro properties and micro-structure in the binary

systems of ILs from a microscopic point of view to some extent.

However, the microscopic model of interaction is still not clear,

especially about the research on ILs with organic solvents. In

addition, in practice, the mixture of ILs with alcohols is often

used to separate or adjust the properties of the IL, and the

intermiscibility of the IL with alcohols becomes more remark-

able. As an example, the study on the liquid equilibria of

[bmim][PF6] and ethanol has been reported in the literature.3

However, these studies were only limited to the macroscopic

description of the phase diagram, and did not refer to the nature

of the macroscopic phase behavior. In other words, a deeper

analysis of micro-structure and interactions of the mixture of

[bmim][PF6] and ethanol by DRS have not been reported so far

to our knowledge.

In this paper, the dielectric spectra of a series of mixtures

composed of [bmim][PF6] and ethanol have been analyzed in

detail to investigate the interplay of ethanol and [bmim][PF6] in

the mixtures. The micro-structure of these mixed solutions was

analyzed theoretically from the view of the interaction and

polarization. Furthermore, the macroscopic phase behavior was

explained based on internal structure and the dynamics of binary

mixtures.

2 Materials and method

2.1 Materials

The IL [bmim][PF6] (purity . 99.2%) used in this work was

purchased from Shanghai Cheng Jie Chemical Co. LTD. China.

The residual chloride in this product is less than 800 ppm, and

water content is less than 1000 ppm. Anhydrous alcohol was

purchased from Beijing Chemical Works, China. A series of

binary mixtures composed of IL and ethanol with following

ethanol mass fraction Wet were prepared: 0%, 5%, 10%, 15%,

20%, 40%, 60%, 80%, 85%, 90%, 100%. At Wet , 20%, the

mixture was transparent liquid, and within Wet . 20%, the

system showed turbid.

2.2 Dielectric measurement

The dielectric spectra were measured with an Agilent E8362B

PNA series network analyzer (Agilent Technologies, made in

America), equipped with an Agilent 85070E open-ended coaxial

probe (Agilent Technologies, made in America), which covers

the frequency ranges from 10 MHz to 20 GHz. The permittivity

and total dielectric loss were automatically calculated as

functions of frequency by the built-in software of this measuring

system. The system was tested and calibrated in accordance with

the procedures recommended by the manufacturers. All mea-

surements were conducted at 21 ¡ 0.1 uC. Because the dielectric

measurement was completed in seconds, being an extremely fast

process, the environment around the probe could be considered

the same as the subject environment during uniform turbidity

before the emergence of a macroscopic two-phase system.

2.3 Dielectric data analysis

In an applied electric field of frequency f, the dielectric properties

of samples can be characterized by the complex permittivity e*,

which is defined as:46
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e* = e 2 je99 (1)

Where e and e99 are the permittivity and the dielectric loss,

respectively. The measured dielectric loss g99 consists of two

parts, one part is the contribution of direct current (dc) electric

conductivity e99dc (kl/e0v) (kl, e0, v = (2pf) are the low-frequency

limit of conductivity, the permittivity of vacuum and angular

frequency, respectively), and another is the dielectric loss e99.e99dc

can not be neglected for high conductivity systems including the

case of this work. Thus kl was calculated from the scaling

dependence of total dielectric loss with a slope 21 on v

according to e00dc~
kl

v
.47

Therefore, the dielectric loss e99 of eqn (1) can be corrected as:

e00~g00{e00dc~g00{
kl

ve0
(2)

Dielectric relaxations can be characterized by a set of dielectric

relaxation parameters (or dielectric parameters): el, eh, or De = (el

2 eh), t = 1/(2pf0) (f0 is the relaxation frequency) and b (0 , b ¡

1), they are the low-frequency and high-frequency limits of

permittivity, dielectric increment, relaxation time and distribu-

tion parameter of relaxation time, respectively. All these

dielectric parameters can be obtained by fitting the following

eqn (3) including one (i = 1) or two (i = 1, 2) Cole-Cole’s term48

to experimental and calculated dielectric spectra:

e�~e{je00~ehz
X

i

Dei

1z jvtið Þbi
(3)

3 Results and discussion

3.1 Dielectric spectra for the mixture of [bmim][PF6] (IL) and

ethanol

Fig. 1 shows the three-dimensional representations of the

experimental results: it is the frequency dependence of dielectric

loss of the binary system of [bmim][PF6] and ethanol. From

Fig. 1, two relaxations can be observed at about 109 HZ and

1010 HZ, respectively. The low-frequency relaxation first

decreases and then increases as ethanol concentration (mass

fraction) increases, a turning point appears at the ethanol mass

fraction of 20%. The relaxation frequency of high frequency

changes a little, but it is around 20%. In addition, whether low-

or high-frequency relaxation has a certain distribution, it means

that the relaxation may contain sub-relaxation.

3.2 Determination of relaxation parameters

To examine the unique dielectric behavior in detail and verify

possible relaxation mechanisms, the Cole-Cole equation, i.e., eqn

(3) (where i = 2), was used to fit the dielectric spectra. Several

dielectric parameters that reflect the relaxation processes in

whole measuring frequency were obtained and are listed in

Table 1. For clarity, the dielectric increments, Del and Deh and

relaxation times, tl and th of low- and high-frequency relaxation

processes were plotted as a function of ethanol mass fraction Wet

in Fig. 2, respectively.

From Fig. 2, a break at Wet = 20% can be observed for all the

relaxation parameters, which divide the Wet into two regions.

This shows that the relaxation behavior existing in the two

regions are dominated by different relaxation mechanisms. The

inflection point at 20% is worth paying attention to because it is

closely related to the macro phase separation according to the

literature9 in which phase separation occurs exactly at Wet =

20%, when ethanol mass fraction exceeds 20%, the macro phase

behavior of the mixture transformed from transparent liquid to

turbid liquid. This shows that the mechanism of interaction

between ethanol and ionic liquid changed dramatically when the

proportion of ethanol molecule in the mixtures reached a critical

value. This article aims to understand the essence of the phase

behavior by analyzing the relaxation mechanism.

3.3 Relaxation mechanism

3.3.1 Relaxation mechanism of constituent of binary mixture. In

order to identify the two relaxation mechanisms of the mixtures

mentioned above, dielectric spectra of two pure constituents of

the binary mixtures, [bmim][PF6] and ethanol, were measured

respectively and shown in Fig. 3(a) and (b). It is obvious from

Fig. 3 that two relaxation processes can be observed for both of

the [bmim][PF6] and ethanol at about 1 GHz and 10 GHz,

respectively. The fitting of the dielectric spectra was carried out

by using a Cole-Cole equation, including two terms which

indicate a non-Debye process at low-frequency and a Debye

process at high-frequency, respectively, as shown in eqn (4).

These dielectric spectra are all well represented by eqn (4) with

the best-fit dielectric relaxation parameters.

For the IL [bmim][PF6] in Fig. 3(a), according to the

literature,49–51 the low-frequency relaxation may be mainly

ascribed to the reorientation of the dipolar cations, and partly

the rotation polarization of ion pairs, which correspond to the

horizontal dipole moment for t1 and vertical dipole moment for

t2 in Fig. 4, respectively. In other words, the low-frequency

relaxation of the IL is caused by the sum of contributions of

reorientation polarization of the cations and rotation polariza-

tion of ion pairs. Similarly, according to the literature,32 the

high-frequency relaxation can be considered to be caused by the

Fig. 1 3-D representation for the frequency dependency of dielectric

loss of the binary mixtures of [bmim][PF6] and ethanol with different

ethanol mass fraction.
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inter-ion motion between cation [bmim]+ and anion [PF6]2 of

formed ion-pairs, which correspond to t3 in Fig. 4. For ethanol

of Fig. 3(b), the low-frequency relaxation, corresponding to the

non-Debye mode, can be ascribed to the cooperative dynamics of

the H-bond system, while the high-frequency Debye mode can be

assigned to the rotation of singly H-bonded ethanol monomers

at the ends of the ethanol chain.52,53

e�~ehz
Del

1z jvtlð Þb
z

Deh

1zjvth

(4)

3.3.2 Relaxation mechanism of binary mixture. To examine the

dielectric behavior of the binary mixtures composed of

[bmim][PF6] and ethanol in detail, typical ethanol mass fractions

of 85% from Fig. 1 are shown in Fig. 5. The full line shows the

best-fit curve calculated from the eqn (4). It is obvious from the

fitting result that the dielectric spectroscopy of the binary

mixture contains two relaxation processes, belonging to non-

Debye and Debye type processes and centered at about 1 GHz

and 10 GHz, respectively. In order to explain the variation trend

of dielectric parameters in Fig. 2, the relaxation mechanisms at

high- and low-frequency of Fig. 5 are analyzed as follows,

respectively.

Lower frequency non-Debye processes. As shown in Fig. 5, the

low-frequency mode in the DR spectra of [bmim][PF6] and

ethanol mixtures, centered at about 1 GHz, was satisfactorily

modeled by a Cole-Cole empirical equation which means a

distribution of relaxation times. To distinguish the contribution

of constituent in the mixture to the relaxation mode, this mode

was subdivided in terms of mixture composition. On the basis of

relaxation mechanism of pure constituent discussed above, the

relaxation mechanism of the binary mixtures can be considered

to come from the contributions of the reorientation of the

dipolar [bmim]+ and ion pairs and cooperative dynamics of the

Table 1 Dielectric parameters for the mixtures of [bmim][PF6] and ethanol with varying concentrations at 21 uC

w%2ethanol x2ethanol Del b Del2IL Del2ethanol Deh Deh2IL Deh2ethanol tl/ps th/ps

0 0 2.57 0.52 2.57 0 3.23 3.23 0 159 13.9
5 0.25 4.68 0.54 1.94 6.26 3.74 2.44 0.70 190 15.4

10 0.41 3.68 0.55 1.52 10.4 3.94 1.92 1.16 210 16.6
15 0.52 5.98 0.58 1.23 13.3 4.14 1.55 1.49 253 16.8
20 0.61 3.16 0.60 1.01 15.5 4.61 1.27 1.73 290 17.9
40 0.80 12.6 0.78 0.50 20.5 4.03 0.63 2.30 257 16.4
60 0.90 13.5 0.85 0.25 23.0 3.67 0.32 2.58 238 15.7
80 0.96 19.7 0.88 0.10 24.5 3.27 0.13 2.75 180 15.4
85 0.97 20.3 0.90 0.07 24.8 3.15 0.09 2.78 174 15.5
90 0.98 22.4 0.93 0.05 25.1 3.02 0.06 2.81 170 15.5

100 1.00 25.5 0.95 0 25.5 2.86 0 2.86 156 15.4

Fig. 2 Low-, high-frequency dielectric increment (a) and low-, high-frequency relaxation time (b) as a function of ethanol mass fraction in the

mixtures of [bmim][PF6] and ethanol at 21 uC.

Fig. 3 Dielectric permittivity, e(f), and dielectric loss, e99(f), spectra of pure IL (a) and ethanol (b).
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H-bond system, which can be explained by analyzing the

variation trend of dielectric parameters in Fig. 2(a) and (b).

For the dielectric increment of the low-frequency relaxation Del,

in the Wet ¡ 20% range, the values of Del are almost unchanged

while they increase gradually at Wet . 20%. This is because when

the ethanol content is very low (Wet ¡ 20%), large ionic liquid

super-molecular structure interspersed with a few ethanol

molecules by hydrogen bonding, which enhanced the stability

of orientation of [bmim]+ and ion-pair and ethanol H-bond. As a

result, Del remains unchanged, meanwhile, it will take longer

time to complete these orientation polarization processes, i.e. tl

increases. As the ethanol content increases and the weight ratio

exceeds 20%, ethanol molecule itself formed a network structure

by hydrogen bonding, forming ethanol zone, and IL super-

molecular structures formed gradually again, generating IL zone,

making the orientation easier and the value of Del increases

gradually, accordingly the relaxation time tl needed for

orientation polarization shortens gradually.

On the other hand, various theories have been applied to

connect the observed relaxation behavior with molecular-level

processes. Among them, the Cavell equation54 relates the

dielectric increment Del to the effective dipole moment meff,i of

the species responsible for that process:

2elz1

el

Dei~
NAci

kBTe0

:meff ,i
2 (5)

Where NA and kB are the Avogadro constant and Boltzmann

constant, respectively, T is thermodynamic temperature, and ci

the molar concentration of the species i in mixtures. In fact, the

low- or high-frequency dielectric increment Del or Deh (seen in

Table 1) consists of the contributions of IL and ethanol, each of

which depends on (proportional to) the concentration of each

constituents in the mixed system. Therefore, Del can be

approximated by the following formula:

Del #Del
app =Del2ethanol +Del2IL $xethanolDeethanol + xILDeIL (6)

That is,

Del2ethanol = xethanolDeethanol (7a)

Del2IL = xILDeIL (7b)

Where xethanol and xIL are the molar fraction of ethanol and

IL, respectively, Deethanol and DeIL are the dielectric increment of

pure ethanol and IL, respectively. It should be noted that Del
app

calculated from the sum of Del2ethanol and Del2IL is an

approximate value, which ignores the interaction between IL

and ethanol, therefore, it is greater than that of experimental Del

(seen in Table 1). Representing the contributing degrees of

Deethanol and DeIL to the low-frequency relaxation Del by molar

fraction of ethanol and IL in the mixture, as weight factor, is

approximate. Nevertheless, it may reflect the real situation

because the relaxation frequency for pure ethanol or pure IL is

very close to that in mixture, respectively. Thus, effective dipole

moment ml,i of various relaxation species of low-frequency were

obtained by the calculated Del2ethanol and Del2IL into eqn (5) and

the results are listed in Table 2.

For clarity, the values of ml,i were plotted as a function of

ethanol mass fraction Wet in Fig. 6. As can be seen from Fig. 6

both ml,i decreases gradually with increasing Wet, while the slope

of decrease differs above and below 20%. For IL, ml2IL is near

2 D, which is a smaller value to that of the literature, m # 5 D42

indicating that IL network structures were tighter due to the

interaction between ethanol and IL. For ethanol, effective dipole

moment ml,ethanol decreases gradually from about 7 D to 4 D with

increasing Wet (see Table 2), in the Wet ¡ 20% range, the ethanol

is mainly surrounded by network structure of ionic liquids, and

the distance between electropositivity and electronegativity

produced by hydrogen bond decreases with increasing Wet,

accordingly, ml,ethanol decreases gradually. At Wet ¢ 20%,

ethanol itself quickly formed a hydrogen bond system, and

Fig. 5 Dielectric loss, e99(e), spectrum of mixture of [bmim][PF6] and

ethanol (Wet = 85%) . Open circles represent experimental data, full line

is best-fit curve calculated from the eqn (4), shaded areas represent the

contributions of the individual processes.

Table 2 Effective dipole moment meff,i calculated using eqn (5) and dc-
conductivity kl for the mixtures of [bmim][PF6] and ethanol with varying
concentrations at 21 uC

w%2ethanol ml2ethanol/D ml2IL/D mh2ethanol/D mh2IL/D kl/(s m21)

0 2.44 2.74 0.19
5 6.95 2.20 2.33 2.47 0.41

10 6.45 2.05 2.16 2.30 0.37
15 6.04 1.92 2.02 2.15 0.87
20 5.74 1.82 1.92 2.04 0.88
40 4.94 1.57 1.65 1.76 0.65
60 4.51 1.43 1.51 1.61 0.47
80 4.22 1.34 1.41 1.50 0.21
85 4.17 1.32 1.39 1.48 0.15
90 4.12 1.31 1.38 1.46 0.14

100 4.03 1.35 0.01

Fig. 4 Schematic representation of the relaxation mechanisms for IL

[bmim][PF6]. t1, t2 and t3 indicate the relaxation time corresponding to

different polarization mode, respectively.
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ml,ethanol is almost only influenced by ethanol, thus, ml,ethanol also

decreases slowly as Wet increases. The amplitude of decrease

above and below 20% is related to the strength of both

interactions: in the Wet ¡ 20% range, the interaction arises

between the IL and ethanol, which has a bigger effect on either

IL or ethanol, resulting in more steep slope, instead, at Wet ¢

20%, either IL or ethanol is influenced by itself, therefore, the

slope becomes less steep.

Higher frequency Debye processes. The high-frequency mode

in the DR spectra of [bmim][PF6] and ethanol mixtures, centered

at about 10 GHz, was well modeled by a Debye type relaxation

as shown in Fig. 5. This relaxation can be considered to be from

the contributions of two independent micro-polarization modes,

namely, fast fluctuation of ion-pairs formed by cationic and

anionic of the IL within the inter-ion distance and the rotation of

singly H-bonded ethanol monomers at the ends of the ethanol

chain. From Fig. 2(a), it is obvious that the variation trend of

dielectric increment of high-frequency relaxation Deh with Wet is

totally different from that of low-frequency, showing radically

different polarization processes between the two relaxations.

Considering the case of pure constituent of the binary mixtures

discussed in section 3.3.1, that’s understandable. For the Deh, at

Wet below 20%, it increases monotonously while decreases

monotonously above 20%. This may be interpreted as follows: at

Wet ¡ 20%, the interaction between IL and ethanol molecules

weakened the stability of the inter-ion distance of [bmim][PF6]

and ethanol monomers, resulting in linear increase of Deh. While

at Wet ¢ 20%, as Wet increases, in ethanol zone and IL zone, the

stability of the relaxation species increases gradually, thus, Deh

decreases gradually. In contrast, the dependence of the relaxa-

tion time of the high-frequency relaxation th on the Wet shows a

very similar variation trend with that of low-frequency relaxa-

tion (see Fig. 2(b)). At Wet ¡ 20%, the interaction between IL

and ethanol results in the fluctuation of the inter-ion distance

and rotation of singly H-bonded ethanol monomers were not

easy to catch up with electric field change, i.e. the polarization

caused by them was easier to occur, leading to the increase of th

gradually. At Wet above 20%, the interaction between ethanol

and IL was weakened, no matter in which zone, the relaxation

species was affected less, so they were more free and easier to

keep up with the electric field change, leading to a sharp decrease

of th. As ethanol content continues to rise, the two structures

stabilize quickly and th levels off.

Similarly, the high-frequency dielectric increment Deh can also

be represented approximately by the contributions of pure

ethanol and IL:

Deh = Deh2ethanol + Deh2IL $ xethanolDeethanol + xILDeIL (8)

Its weight concentration, xethanol and xIL, reflects the

contributing degrees to the high-frequency relaxation. It should

be noted that, current Deethanol and DeIL are the high-frequency

dielectric increments of pure ethanol and IL, respectively. Using

the Deh2ethanol, Deh2IL calculated above and eqn (5), the effective

dipole moment mh,i of various relaxation species of high-

frequency was also calculated and the results are listed in

Table 2.

For clarity, the values of mh,i were plotted as a function of

ethanol mass fraction Wet in Fig. 7. As can be seen in Fig. 7 that

the variation trends of mh,ethanol and mh,IL are basically same as

that of low-frequency effective dipole moments ml,i For IL, mh,IL

is almost consistent with ml2IL, indicating that the effective

dipole moments of low- and high-frequency are mainly related to

the IL super-molecular network. While for ethanol, mh,ethanol is

smaller than ml2ethanol, suggesting that the effective dipole

moment caused by cooperative dynamics of the H-bond system

is larger than that derived from the rotation of ethanol

monomers. The decrease trend in less and more than 20% can

be explained as follows: in Wet ¡ 20% range, the inter-ion

distance motion of ion-pairs and rotation of ethanol monomers

both existed in the network structure formed by the interaction

between IL and ethanol, thence, the decrease magnitude is

relatively larger, on the contrary, at Wet ¢ 20%, IL and ethanol

are only affected by themselves, consequently, the trend

decreases more slowly.

3.4 Micro-interpretation of macro-phase behavior

From the above analysis result, the ethanol content dependence

of all dielectric parameters shows a turning point at the ethanol

mass fraction of 20%. The turning point coincides exactly with

the macro phase diagram reported in the literature,9,16,18 and the

point of 20% ethanol content divides the phase diagram into a

single-phase region and double-phase region as shown in Fig. 8.

This means that macroscopic phase separation is closely related

to the micro-structural change of the binary mixture system,

Fig. 6 The dependence of micro-dipole moment ml of various relaxation

species of low-frequency on the concentration of ethanol.

Fig. 7 The dependence of micro-dipole moment mh of various relaxation

species of high-frequency on the concentration of ethanol.
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essentially a result of the interaction between ethanol and ionic

liquids.

Because there exist different interactions in the binary mixture

system composed of ethanol and [bmim][PF6]: the electrostatic

interaction between the electronegative oxygen atoms in ethanol

and the cation [bmim]+, the interaction between the oxygen

atoms and C2–H of [bmim]+ by hydrogen bonds, and weak

interaction between the hydrogen atom of hydroxyl in ethanol

and [PF6]2 as shown in Fig. 8, in the measuring temperature of

21 uC, according to the phase diagram, at Wet ¡ 20%, the system

is in one phase region in which large ionic liquid super-molecular

structure interspersed with a few ethanol molecules by various

interactions, phase behavior of the mixture was transparent one

phase liquid in macro sense, while in Wet ¢ 20%, the mixture

became turbid, with increasing Wet, ethanol molecule itself also

formed the hydrogen bond structure as shown in the graphical

representation Fig. 8. The system contains the properties of both

IL and ethanol molecules which shows turbid two phase liquid in

macro sense.

3.5 Analysis of conductivity kl

Fig. 9 shows the plot of the dc-conductivity kl listed in Table 2

against the ethanol mass fraction Wet. In this binary mixture

system of [bmim][PF6] and ethanol, the value of kl is propor-

tional to the density of charge carriers and inversely proportional

to medium viscosity. In the Wet ¡ 20% range, as the Wet

increases, although the concentration of the ions that make

electrical conducting electricity decreases, the viscosity of the

mixture decreases quickly, leading to the ion mobility increasing,

as a result, kl increases. At Wet ¢ 20%, with Wet, ethanol itself

formed up chain-like hydrogen bonding structure, the concen-

tration of positive and negative ions of IL decreases, in addition,

the association of the anion and cation reduces the concentration

of conductive particles, therefore kl declines gradually to almost

zero.

4 Conclusion

Dielectric spectra of some mixtures containing ionic liquid

[bmim][PF6] and ethanol with varying ethanol concentration

were studied systematically over a frequency range from 10 MHz

to 20 GHz under constant temperature. Two relaxations were

found at about 109 HZ and 1010 HZ, respectively. Several

dielectric parameters that reflect the relaxation processes were

obtained by using the Cole-Cole equation to fit the dielectric

data. The micro-relaxation mechanisms were well interpreted

through analysis of these parameters. It was concluded that the

micro-structure of the binary system and the strength of

interactions in the system exist distinct diversity in two regions

depending on ethanol content. On this basis, the macro phase

behavior above and below 20% ethanol content was also well

explained.

The present study also shows that the results of the dielectric

analysis of the binary system composed of [bmim][PF6] and

ethanol support Dupont’s model commendably. There are

mainly IL super-molecular structures in IL-rich region. At Wet

¡ 20%, large ionic liquid super-molecular structure interspersed

with a few ethanol molecules by various interactions, the system

shows transparent one phase liquid in macro sense. At Wet ¢

20%, with increasing Wet, the interaction between IL and ethanol

weakened, IL zone consists of the IL super-molecular structure,

meanwhile, ethanol molecules formed chain-like hydrogen

bonding structure with only a spot of CIP and SIP around,

triggering ethanol zone. As a result, a turbid two phase system

emerges. These results provide some theoretical references for

further applications in the separation of ionic liquids, and also

prove DRS is appropriate for studying the microstructure of the

binary system of IL.
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