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Abstract—The density, viscosity, and refractive index of a pure asymmetrical dicationic ionic liquid, 1-(1-methypiperi-
dinium-1-yl) pentane-(1-pyridinium) bis(trifluoromethane)sulfonamide, and its binary mixtures with acetonitrile were
investigated at temperatures from 293.15 K to 323.15 K over the entire range of composition at ambient pressure. From
the experimental data, the excess molar volumes, dynamic viscosity deviations, and refractive index deviations were,
respectively,calculated and correlated with Redlich-Kister-type polynomials. The temperature dependence of viscosity
for pure ionic liquid was described by modified Vogel-Tammann-Fulcher (VTF) equation. The enthalpy and entropy of
activation for viscous flow were obtained. The values of molar refraction and polarizability indicated that the dominant
interactions between ionic liquids and acetonitrile were dipole-dipole molecular interactions. These thermodynamic
properties were discussed in terms of nature of molecular interactions between the ionic liquid and acetonitrile.
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INTRODUCTION

Ionic liquids (ILs) are specific kinds of organic salts obtained from
a combination of organic cations and organic or inorganic anions. ILs
have been applied successfully in electrochemistry, material chem-
istry, nanotechnology, polymer science, and organic synthesis [1-6].

The surge of interest in ILs is attributed to their unique proper-
ties, such as negligible vapor pressure, low melting points, suitable
viscosity, high conductivity, wide electrochemical windows, and
high stability. These properties allow the successful use of ILs as
agents for developing clean technologies [7-10].

Dicationic ILs (DILs) are a novel type of ILs composed of anions
and doubly charged cations that consist of two singly charged cat-
ions with linkage. The variation of cations and linkage has given
IL its amount and diversity such that it possesses a wider liquid
range and higher thermal stability compared with traditional mono-
cationic ILs. Therefore, DILs can be designed based on the required
properties; these materials are more suitable for lubrication [11,12],
chromatography [13,14], and catalysis [15-17]. Research on the phys-
ical properties of DILs is required for future applications in the
industry. To date, experimental data of physicochemical properties
of DILs are unfortunately still limited. The density, viscosity, and
refractive index of pure DILs and their mixtures with organic sol-
vents are known to be important properties in multiple processes
that involve heat and mass transfer. Density and viscosity are the
key properties for process design and equipment options as a result
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of their effect on mixing, separation, and transportation [18,19].
The refractive index (np) can be used to determine the electronic
polarizability of a molecule and provides information on the inter-
molecular force [20]. In addition, knowledge of these properties is
meaningful and helpful to the development of theoretical simula-
tions, which are powertul tools for predicting the behavior of these
pure DILs and their mixtures [21,22].

In this work, we synthesized and characterized a novel asym-
metrical DIL, 1-(1-methypiperidinium-1-yl) pentane-(1-pyridin-
ium) bis(trifluoromethane)sulfonamide ([PiC;Py][NT%,],, Scheme
1). The experimental densities, viscosities, and refractive indexes of
[PiC,Py][NTL], and its binary mixtures with acetonitrile (ACN) were
determined over the entire composition range at temperatures (T)
from 293.15K to 323.15K under atmospheric pressure. The depen-
dence on temperature of the viscosity of [PiC;Py][NTL)], was fit-
ted to the modified VFT equation. The density deviations, excess
molar volumes (VF), viscosity deviations (A7), and refractive devi-
ations (Anp) of the binary mixtures were calculated and fitted with
Redlich-Kister-type polynomials. To investigate the intermolecular

O 1,5-dibromopentane O Br pyridine, IPA
308.15K.6h + 353.15K, 10h
/N /N\/“‘\/"‘\/Br
S
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Scheme 1. Synthetic process of [PiC;Py][NTE],.
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interactions between DIL and solvents, the values V*, molar refrac-
tion, and polarizability; as well as the excess Gibbs energy (AG ™),
enthalpy (AH"), and entropy (AS") of activation for viscous flow; were
all obtained and discussed in the present work. To the best of our
knowledge, this study is the first to focus on these thermodynamic
properties of DILs.

EXPERIMENTAL

1. Materials and Preparation of Solutions

The studied IL [PiC;Py][NTL], was synthesized with a mass frac-
tion purity>0.995. 1-Methylpiperidine (C;H 5N, CAS. 626-67-5),
pyridine (C;H,N, CAS. 110-86-1), and 1,5-dibromopentane (C;H,,Br,,
CAS. 111-24-0) were purchased from Aladdin Industrial Inc.
Bis(trifluoromethane)sulfonimide lithium salt (C,F,LiNO,S,, CAS.
90076-65-6) was obtained from the Lanzhou Institute of Chemi-
cal Physics, whereas ACN (C,H;N, CAS. 75-05-8) and ethyl acetate
(C,H;0,, CAS. 141-78-6) were obtained from the Tianjin Kermel
Chemical Reagent Co., Ltd. All chemicals were used without fur-
ther purification. The sources and mass fraction purity of the mate-
rials are given in Table 1. The density, viscosity; and refractive index
of ACN are determined and compared with the literature in Table 2.

Solutions were gravimetrically prepared with an analytical bal-
ance that has an accuracy of +1x10™*g in the mass fraction. The
mixtures were degassed in an ultrasonic bath to eliminate air in
the solutions. No decomposition of IL was observed at the experi-

Table 1. Specification of used materials

mental conditions.
2. Synthesis and Characterization of Dicationic IL
[PiC;Py][NTL], was synthesized according to the following pro-
cedure: 1-Methylpiperidine (31.1 g, 0.31 mol) was added dropwise
to 1,5-dibromopentane (427.7 g, 1.86 mol) in 20 h at 308.15 K. The
mixture was stirred for 15 h. The resulting residue was washed thrice
(3x200 ml) with ethyl acetate to remove any unreacted reactants,
followed by filtration to produce a white precipitate, which was
dried under vacuum. The solid precipitate (93.9 g, 0.286 mol) was
dissolved in isopropanol (100 ml) before pyridine (27.1g, 0.343
mol) was added, and the solution was stirred at 353.15K for 20 h.
The solvent was removed by distillation and residue was extracted
thrice (3x200 ml) with ethyl acetate. After filtration, the solvent
was removed under vacuum at 333.15K for 24 h, to produce the
white 1-(1-methypiperidinium-1-yl) pentane-(1-pyridinium) dibro-
mide powder. 1-(1-Methypiperidinium-1-yl) pentane-(1-pyridin-
ium) dibromide (114.0 g, 0.27 mol) was added to 300 mL of water,
whereas bis(trifluoromethane)sulfonimide lithium salt (155.0 g, 0.54
mol) was added to 200 mL water. Both solutions were mixed, and
the mixture was stirred for 10h at room temperature. The water
was removed, and the resulting residue was washed with water
until no bromide ions were detected. The yield was 85.3%. The
water content of the final IL was analyzed by Karl-Fisher titration.
The mass fraction of water in the IL is 0.001%. The DIL was ana-
lyzed by 'H NMR and IR to confirm the constitution and absence of
any major impurities. ([PiC;Py][NT£,], "H NMR (400 MHz, CDCL,)

Chemical CAS number  Purity/in mass fraction  Source

1-Methylpiperidine 626-67-5 >0.970 Aladdin Industrial Inc., China

Pyridine 110-86-1 >0.990 Aladdin Industrial Inc., China
1,5-Dibromopentane 111-24-0 >0.990 Yancheng Longsheng Chemical Co., Ltd., China
Lithium bis(trifluoromethane)sulfonimide ~ 90076-65-6 >0.990 Lanzhou Institute of Chemical Physics, China
Acetonitrile 75-05-8 >0.995 Tianjin Kermel Chemical Reagent Co., Ltd., China
Ethyl acetate 141-78-6 >0.995 Tianjin Kermel Chemical Reagent Co., Ltd., China

Table 2. Comparison of experimental density, viscosity, and refractive index values of pure acetonitrile with literature values at different tem-

perature
Properties T/K Exp. Lit.
293.15 0.7812 0.78189 [26], 0.782005 [23], 0.7820 [27]
(g-cm™) 303.15 0.7715 0.77112 [26], 0.771487 [24], 0.7713 [25]
PE 313.15 0.7608 0.76020 [26], 0.760541 [24], 0.7603 [27)
323.15 0.7496 0.749449 [24], 0.7494 [25], 0.7492 [27]
293.15 0.3595 0.355 [23], 0.3645 [27], 0.364 [24]
/(mPa-s) 303.15 0.3214 0.329 [34], 0.332 [25], 0.3307 [27]
g 313.15 0.2904 0.300 [34], 0.304 [25], 0.3005 [27]
323.15 0.2635 0.276 [34], 0.279 [25], 0.2746 [27]
293.15 1.3429 1.3439 [23], 1.3409 [29]
n 303.15 1.3394 1.3395 [28], 1.3392 [29]
P 313.15 1.3348 1.3347 [28], 1.3260 [29]
323.15 1.3297

The standard uncertainties u are u(0)=+0.00005 g~cm'3, u(T)=%0.03 K, u(77)=0.0001 mPa-s, and u(np)=0.0001, u(p)=>5kPa
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d (ppm): 1.53 6 (m, 2H, 11-CH,), 1.70 6 (m, 2H, 15-CH,), 1.77 & CH,), 2.98 & (m, 3H, 16-CHs,), 3.30 & (m, 6H, 7, 8, 9-CH,), 4.62 &
(m, 2H, 13-CH,), 1.97 & (m, 4H, 12, 14-CH,), 2.50 & (m, 2H, 10- (t, 2H, 6-CH,), 820 & (t, 2H, 1, 5-H), 862 J (t, 1H, 3-H), 9.08 §

Table 3. Experimental data for binary system of [PiC;Py][NT£,], (1) and acetonitrile (2) at atmospheric pressure

X, ol(g-cm™) V¥/(cm® -mol™) n/(mPa-s) A7n/(mPa-s) np An,,
293.15K
0.0000 0.7812 0.0000 0.3595 0.0000 1.3429 0.0000
0.1000 1.1965 —1.5639 3.5448 —204.7781 1.4067 0.0530
0.1998 1.3345 —-1.7304 15.6346 —400.2358 1.4255 0.0609
0.2966 1.4020 —1.7016 48.1335 —569.0455 1.4389 0.0638
0.3883 1.4405 —1.5126 121.7014 —686.1800 1.4397 0.0547
0.4939 1.4694 —1.1218 282.4011 —745.0897 1.4448 0.0483
0.5956 1.4895 -0.8515 517.5690 —721.4206 1.4468 0.0393
0.6954 1.5048 -0.7414 780.1862 —666.3509 1.4485 0.0301
0.7906 1.5153 —0.3417 1050.0539 —594.4643 1.4494 0.0207
0.8879 1.5243 —0.0947 1477.0002 —369.8664 1.4506 0.0114
1.0000 1.5334 0.0000 2079.9936 0.0000 1.4514 0.0000
303.15 K
0.0000 0.7715 0.0000 0.3214 0.0000 1.3394 0.0000
0.1000 1.1871 —1.6566 2.73133 —91.34438 1.4047 0.0543
0.1998 1.32606 —1.88547 10.9700 —176.6726 1.4233 0.0619
0.2966 1.3933 —1.7990 30.4152 —247.9815 1.4364 0.0643
0.3883 1.4323 —1.6322 71.6812 —292.6882 1.4379 0.0557
0.4939 1.4615 -1.2675 155.3008 —308.0732 1.4423 0.0485
0.5956 1.4821 —1.0965 271.3310 —287.3911 1.4455 0.0405
0.6954 1.4975 —0.9941 389.5941 —262.6948 1.4456 0.0296
0.7906 1.5081 —0.6483 503.9174 —237.6255 1.4473 0.0208
0.8879 1.5171 —0.3625 681.9501 —150.8158 1.4487 0.0115
1.0000 1.5254 0.0000 937.8645 0.0000 1.4496 0.0000
313.15K
0.0000 0.7608 0.0000 0.2904 0.0000 1.3348 0.0000
0.1000 1.1765 -1.7210 2.1745 —44.8398 1.4024 0.0564
0.1998 1.3160 —1.9348 8.0250 —85.6198 1.4215 0.0643
0.2966 1.3840 —1.8809 20.3956 —118.4779 1.4340 0.0659
0.3883 1.4233 —1.7150 44.8248 —136.8945 1.4364 0.0580
0.4939 1.4539 —1.5532 92.1359 —138.9239 1.4398 0.0496
0.5956 1.4740 —1.2450 154.1206 —124.4575 1.4421 0.0405
0.6954 1.4894 -1.1324 212.7511 —112.4575 1.4429 0.0301
0.7906 1.5002 —0.05320 266.0690 —103.6208 1.4450 0.0215
0.8879 1.5092 -0.1814 347.5582 —67.5939 1.4466 0.0122
1.0000 1.5172 0.0000 467.5296 0.0000 1.4470 0.0000
323.15K
0.0000 0.7496 0.0000 0.2635 0.0000 1.3297 0.0000
0.1000 1.1663 —1.8567 1.7942 —25.4964 1.4008 0.0596
0.1998 1.3070 —-2.1234 6.15334 —48.1104 1.4209 0.0682
0.2966 1.3757 -2.1018 14.4738 —65.9523 1.4326 0.0687
0.3883 14154 —1.9561 30.3703 —74.8397 1.4344 0.0600
0.4939 1.4458 -1.7160 59.7928 —73.9579 1.4379 0.0513
0.5956 1.4669 —1.6128 97.1427 —64.0947 1.4405 0.0422
0.6954 1.4822 —1.4328 130.0572 —58.1532 1.4416 0.0318
0.7906 1.4935 —1.2366 159.8632 —54.0772 1.4436 0.0228
0.8879 1.5023 —0.8561 204.9049 —35.3329 1.4445 0.0125
1.0000 1.5093 0.0000 270.5352 0.0000 1.4449 0.0000

Standard uncertainties (u) are u(x,)=0.0001, u(£)=+0.00005 g-cm >, u(T)=+0.03 K, u(7)=0.0001 mPa-s, and u(n,)=0.0001, u(p)=>5 kPa
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(m, 2H, 1, 5-H). IR (KBr): 3,145cm™, 3,110cm™, 2,949 cm,
2,882cm’, 1,638 cm™, 1,490 cm ™, 822em™’, 779 cm ™, 692 e,
and 561 cm™).
3. Apparatus and Experimental Procedure
3-1. U-tube Density Measurements

The density (p) data of pure DIL and its binary mixtures were
measured with a Rudolph DDM 2911 vibrating U-tube densitom-
eter in the T range from 303.15K to 323.15K. The accuracy and
precision of the densitometer were +0.00005 g-cm™°. The tempera-
ture of the measure cell was automatically set within +0.03 K. The
apparatus was calibrated with clean dry ambient air, ultrapure water,
and tetrachloroethylene at atmospheric pressure before each series
of measurements. Each experimental density value is the average
of three measurements at one temperature. The relative uncertainty
of the density measurements was estimated to be +0.05%. The
experimental values of ACN are compared with those in literature
[23-27] in Table 2.
3-2. Capillary Viscosity Measurements

The viscosity was measured with a suspended level micro-Ubbe-
lohde capillary viscometer of different diameters, which was im-
mersed in the water thermostat at different temperatures. Before
measurement, each capillary viscometer was calibrated with ultra-
pure water and viscosity standard oil purchased from the Cannon
Instrument Company. The flow time of the constant volume of lig-
uid through a capillary was measured with an electronic stopwatch;
the average of six reading did not exceeded +0.02 s for each solu-
tion. The relative uncertainty of the viscosity measurements was esti-
mated to be +1.0%. A comparison of the measured viscosity values
of ACN with those published in literature [23-25,27] at the experi-
mental temperatures is listed in Table 2. The measurement results
showed considerable consistency.
3-3. Refractive Index Measurements

Refractive indexes were determined under natural light with a
manual refractometer. The apparatus is provided with thermostatic
prisms, which are connected to a water thermostat controlled within
10.01 K. The apparatus was calibrated with ultrapure water and 1-
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bromonaphthalene. The standard uncertainty in the instrument of
the refractive index was estimated to be 0.01%. The comparison of
measured values of ACN with those published in literature [23,28,
29] is presented in Table 2.

RESULTS AND DISCUSSION

1. Densities and Volumetric Properties of [PiC,Py][NTL,], (1)+
ACN (2) Mixtures

The experimental values of density, g for the binary mixture sys-
tem of [PiC;Py][NTY,],+ACN at different temperatures over the
entire composition range are presented in Table 3. A linear relation
can be observed for the temperature dependence of the system at
all mole fractions.

The extent of deviation of mixtures from ideal behavior was well
expressed by V¥, which was determined from the measured densi-
ties with the following equation:

P P

€y
P
where x, is mole fractions of [PiC;Py][NTL],, (1-x;) is mole frac-
tions of ACN. p,, 0, and p are the densities of [PiC;Py][NTL],,
ACN, and their mixture, respectively. M, and M, are the molar
mass of [PiC;Py][NTL,], and ACN.

The experimental values of V* have been fitted with Redlich-
Kister-type polynomials:

Vi=x,(1-x) YA, (2x,-1)' @
where x, is the mole fraction of [PiC;Py][NTL],, and A, are the
Redlich-Kister parameters obtained by fitting the experimental values
with a least-squares-type algorithm. The standard deviation (o) as
defined in the following equation is given for each value in Table 4.

E E \2_1/2
o= |: (Vex27 chl) j|
n

©)

Table 4. Parameters of Redlich-Kister-type polynomial and standard deviation (o) for the binary mixture

TIK A A, A, A, o
V¥/(cm®-mol ™)
293.15 —4.54521 4.82249 —6.32161 8.07023 0.058718
303.15 —5.16627 3.85973 —8.37871 8.09278 0.047059
313.15 —5.84163 3.35944 —8.33084 8.26898 0.056934
323.15 —6.77579 2.72975 —11.0886 6.83837 0.052518
An/(mPa-s)
293.15 —2952.26 —403.875 —167.257 —1032.89 11.03504
303.15 —1213.67 20.9324 —121.235 —649.659 5.270962
313.15 —544.519 103.730 —87.3039 —408.234 2.730471
323.15 —289.318 89.2725 —-60.0711 —252.268 1.673977
Any,

293.15 0.18552 —0.15343 0.22151 —0.21088 0.001673
303.15 0.18739 —0.15583 0.22586 —0.22026 0.001795
313.15 0.19100 —0.16764 0.24270 —0.21381 0.001802
323.15 0.19791 —0.16927 0.26506 —0.24478 0.001676
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Vefem® mol”

Fig. 1. Excess molar volumes with mole fraction of the binary sys-
tem at different temperatures: ll, 293.15K; 9, 303.15K; A,
313.15K; @, 323.15K. The solid curves represent the values
calculated with Eq. (2).

where Vf,q, are the experimental value and V%, are the calculated
value from Eq. (2), n is the number of experimental data.

The V* for the binary mixture are negative over the entire com-
position range at all surveyed temperatures (Fig. 1). The minimal
values of V* were observed at approximately x,=0.2. The values of
V* of a mixture that contains polar compounds are the result of a
number of effects, which may contribute in terms of changing the
sign. The disruption of self-association in the [PiC;Py][NTL], or
ACN has a positive contribution to V*, but the specific interaction
between [PiC;Py][NTHf,], and ACN has a negative contribution. The
free volume effect depends on differences in the characteristic pres-
sures and temperatures of the components, and has a negative con-
tribution. Meanwhile, the interstitial accommodation and the effect
of the condensation of [PiC;Py][NTf,], with ACN provide addi-
tional negative contributions to V*.

The excess volume of the binary mixture has a negative devia-
tion over the entire mole fraction range (Fig. 1), thereby indicating
that the free volume effect of different temperatures of the compo-
nents, the packing efficiency of ACN accommodation in the inter-

stitial regions of [PiCsPy][NTf,], networks, and the interaction of
ion-dipole and hydrogen bonding dominate in the binary mix-
ture [30]. According to literature [30,31], the absolute value of V*
of the binary mixture indicates the difference in the packing effi-
ciency and the interaction intensity. The V* values for the [PiC;Py]
[NTE,,+ACN system are more negative than in the [BMPyr][NTE)]
+ACN ([32] and [BMIm][NTE]+ACN [33] systems, thereby sug-
gesting a strong interaction between [PiC;Py][NTL], and ACN. Even
if the molecular volume of [PiC;Py][NTL,], lowers the packing effi-
ciency, which leads to a small [V*| value, the high polarity of [PiC;Py]
[NTE,], enhances the interaction between cations of [PiC;Py][NTL,],
and ACN. The strong ion-dipole interaction between the non-
hydrogen bonding polar solvents and cations of [PiC;Py][NTL],
leads to the large [V*| value [34].

The influence of temperature on V* is also discussed, the varia-
tion of V* values (Table 3) is caused by the competition of the hy-
drogen bonding interaction and packing efficiency in the mixture.
The increasing temperature generally reduces the hydrogen bond-
ing, thereby increasing the V* values, and strengthens the packing
efficiency, thereby decreasing the V* values [35]. For the [PiC,Py]
[NT£,],+ ACN binary mixture, the reduced hydrogen bonding has
an energetic role in the transformation of V* values.

2. Viscosities and Thermodynamic Properties of [PiC,Py][NT£,],
(1)+Acetonitrile (2) Mixtures

The dynamic viscosities (77) for the binary mixtures of [PiC;Py]
[NTL,], (1)+ACN (2) at different temperatures over the entire com-
position range were determined and presented in Table 3. The vis-
cosity of pure [PiC;Py][NTL], can be expressed as a function of tem-
perature over the entire composition range. A modification of the
Vogel-Tammann-Fulcher (VTF) equation can be expressed as [36]:

n:ATO.Se[fB/(Tqu)] (4)
where the adjustable parameters are A (mPa-s), B (K) and the glass-
transition temperature, T, (K).

The calculated values of the adjustable parameters for viscosity
of pure [PiC;Py][NTL],, ACN and their mixtures are listed in Table
5. In addition, the correlation square coefficient and the standard
relative deviations are given. In accordance with the results, the modi-
fied VFT equation is available method to fit the viscosity data.

According to the experimental values for the viscosity of the binary

Table 5. Parameters of modified VFT equation and the standard relative deviations (o) for the binary mixture

X Ax10° Bx10~ Tox107° R’ o
0.0000 0.52650 ~1.02492 0.15069 0.99998 0.00017
0.1000 431104 —0.49921 1.64217 0.99998 0.00271
0.1998 3.94336 —0.74136 1.56998 0.99999 0.01410
0.2966 3.44870 —0.87582 1.62499 0.99999 0.02364
0.3883 2.95168 -1.02716 1.61241 0.99997 0.19676
0.4939 4.77855 —0.99446 1.71082 0.99998 0.37452
0.5956 5.12933 ~1.04618 1.72647 0.99997 0.86874
0.6954 6.13421 ~1.02848 1.78097 0.99997 1.48821
0.7906 6.02704 ~1.03704 1.80769 0.99996 2.03930
0.8879 5.94950 ~1.06174 1.82345 0.99995 3.36726
1.0000 5.37242 ~1.13049 1.80399 0.99996 464551
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mixtures of [PiC,Py][NTL], and ACN, Az was calculated with the
following equation:

An=1-( %, 17) ®)

where 77, 77, and 77, are the absolute viscosity of the binary mixtures,
[PiCsPy][NTH,], and ACN; x, is mole fractions of [PiC;Py][NTL],,
X, is mole fractions of ACN. The values of A7 are given in Table 3.
The values of A7 were fitted with the Redlich-Kister-type polyno-
mial at different temperatures, and parameters are listed in Table 4.

The values of A7 are negative from each curve of the binary mix-
ture at all composition ranges (Fig. 2); the minimum value was ob-
served at approximately x=0.5. In accordance with literature [30,
371, An of a mixture reflects the competition between the molecu-
lar interaction and size. When the mixture is dominated by inter-
molecular forces, the values of A7 are negative. By contrast, values

- .
,;E =300 \ »>- —— j
£ \ o
E \\ /
s 450 | \ ;/
N\ /
600 | \.
\
-750 [ B
i L i 1 i L i 1 i
0.0 02 0.4 0.6 0.8 1.0

Fig. 2. Viscosity deviation with mole fraction of the binary system at
different temperatures: H, 293.15K; 9, 303.15K; A, 313.15
K; @, 323.15 K. The solid curves represent the values calcu-
lated with Eq. (2).

0.075
f“ﬁ —
0.060 4 /{
0.0454 )
S:D l'I
<
0.030
0.015
0.000 . . . T . T T T y
0.0 0.2 0.4 0.6 0.8 10

*

Fig. 3. Refractive index deviation with mole fraction of the binary
system at different temperatures: ll, 293.15 K; 4, 303.15K;
A, 313.15K; @, 323.15 K. The solid curves represent the val-
ues calculated with Eq. (2).
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of Ar are positive when the mixture is dominated by hydrogen
bonds between [PiC;Py][NTf,], and ACN. According to the values
of A for the binary mixture in Fig. 2, the negative deviations may
be attributed to the strong self-association of ACN and the weak
hydrogen bonding interaction between [PiC,Py][NTf,], and ACN.
As the temperature increases, the values of A7 become less negative
and more flat, and the absolute values decrease. The temperature
strongly influences A7 but the observed compositions at the maxi-
mum A7 were almost constant and independent of temperature.

On the basis of the theory of the absolute reaction rate, the AG™®
values were calculated with the following equation [38]:

AG=RT[In(7V)-xIn(V,)-xn(7:V5)] ©

where R is the ideal gas constant, T is the absolute temperature, and V,
V, and V, are the molar volumes of the binary mixtures, [PiC;Py]
[NTE], and ACN. The values of AG™ are given in Table 6 and plot-
ted in Fig. 4. As shown, the AG * for binary mixtures are positive over

Table 6. Excess Gibbs free energy of activation for viscous flow (AG ™)

of the binary mixtures
AG™/(kJ-mol ")

H 293.15K 303.15K 313.15K 323.15K
0.0000 0.0000 0.0000 0.0000 0.0000
0.1000 44351 43743 4.3336 4.3233
0.1998 6.3387 6.2770 6.2319 6.2035
0.2966 7.1602 7.0309 6.9337 6.8371
0.3883 7.4702 7.3331 7.2069 7.1067
0.4939 7.1725 7.0356 6.9257 6.8715
0.5956 6.3123 6.2017 6.1114 6.0358
0.6954 4.9679 4.8627 4.7821 4.7054
0.7906 3.4215 3.3289 3.2592 3.2038
0.8879 1.9029 1.8309 1.7725 1.7391
1.0000 0.0000 0.0000 0.0000 0.0000

6

AG™ /(kJ'mol™)
Py
T

0.4

X

1

0.6

0.8

Fig. 4. Excess Gibbs free energies of activation for viscous flow with
mole fraction of the binary system at different temperatures:
H, 293.15K; €, 303.15K; A, 313.15K; @, 323.15K. The
solid curves represent the values calculated with Eq. (2).
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the entire composition range. The sign of the AG™ values can be
considered a reliable criterion for detecting or excluding the presence
of interaction between different molecules, thereby indicating the for-
mation of intermolecular hydrogen bonds between [PiC;Py][NTL],
and ACN [35].

The activation thermodynamics, namely, AH', and AS’, were eval-
uated based on Eyring’s absolute reaction rate theory [39,40] with
the viscosity expressed as

phN, (AG*)
= exp

M RT @

n
where M is the average molar mass of the binary mixture, h is
PlancKs constant, N, is Avogadro number; R is the ideal gas con-
stant, and T is the absolute temperature. The values of Gibbs free
energy of activation for the viscous flow (AG') are given in Table 7.

The values of AH" and AS” can be calculated with the equation:

*

:T_AS 8)

Rln(

nM ) AH
PhN

The terms on the left side of the equation were plotted against
1/T for each binary mixture. The AH" and AS’ values were calcu-
lated from the slopes and intercepts and listed in Table 8. Above

Table 7. Gibbs free energy of activation for viscous flow (AG') of the

binary mixtures
AG'/(K]-mol )

" 293.15K 303.15K 313.15K 323.15K
0.0000 43.0757 44.2944 45.5273 46.7601
0.1000 50.1844 51.2591 52.3798 53.5592
0.1998 54.7564 55.7471 56.7920 57.9104
0.2966 58.1659 59.0087 59.9321 60.9406
0.3883 60.9277 61.6864 62.5152 63.4806
0.4939 63.4534 64.1244 64.8939 65.8195
0.5956 65.3123 65.9250 66.6414 67.5422
0.6954 66.6362 67.1713 67.8260 68.6827
0.7906 67.6352 68.1037 68.7010 69.5382
0.8879 68.7181 69.1263 69.6653 70.4825
1.0000 69.8123 70.1993 70.7165 71.5189

Table 8. Enthalpy of activation (AH") and entropy of activation (AS")
for the viscous flow of the binary mixtures

X AH'/(KJ-mol ™) AS'/(J-K " -mol™) R?
0.0000 7.0600 —122.8438 0.9997
0.1000 17.2356 —112.3154 0.9974
0.1998 23.9751 —104.9047 0.9980
0.2966 31.0819 —-92.2597 0.9980
0.3883 36.0809 —84.6066 0.9977
0.4939 40.4292 —78.3499 0.9972
0.5956 43.6478 —73.6894 0.9969
0.6954 46.7160 —67.9209 0.9963
0.7906 49.2079 —62.5882 0.9960
0.8879 51.6881 —57.7959 0.9955
1.0000 53.3571 —55.8317 0.9957
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approximately x,=0.2, the values of AH" were higher than the TAS’
values. Therefore, the energetic contribution that corresponds to
the molar AH" is more important than the entropic contribution
to the molar AG'. Given the significant degree of hydrogen bond-
ing, the self-association in the pure state and the strong cross asso-
ciation in their mixtures were observed [41]. The AS” from the initial
state to the transition state at a given composition is small during
the activated viscous flow process. Generally, the increasing AS™ data
showed that the viscous flow is an ordered process that involves
contiguous liquid layers because of their self-association via hydro-
gen bonds and the existence of strong cross association in the cor-
responding binary mixtures. Consequently, their structural config-
uration is retained and even moves in a stationary steady state [42].
3. Refractive Indexes, Refractive Index Deviations, and Polar-
izability of [PiC;Py][NTf,], (1)+ACN (2) Mixtures

The experimental values of 1, for the binary mixture of [PiC;Py]
[NTL], and ACN at different temperatures over the entire compo-
sition range are presented in Table 3. From the experimental val-
ues of np, the refractive index deviations (Anp,) were calculated with
the following equation:

Anp=np—XNp;—X,Np, ©

where 1y, np, are the refractive indexes of [PiC;Py][NTL], and ACN,
respectively; and nj, is the refractive index of the binary mixture.
Therefore, the values of An,, were obtained and included in Table 3
and Fig. 3. The composition dependence of the Anj, of [PiCsPy]
[NTL], and ACN binary mixtures at different temperatures was fit-
ted by Redlich-Kister-type polynomials. The parameters are given in
Table 4.

The molar refraction (R,,) is calculated from the Lorentz-Lorenz
equation [43]:

e 22 10

np+2

where V,, is molar volume and ny, is the refractive index of the
binary mixture. The values of molar refraction increase with the

-
o
 E—

.f(m':-mnl")
[+

R =10°
m
[+:]
T

0.0 02 04 06 08 1.0

X,

Fig. 5. Molar refraction with mole fraction of the binary system at
different temperatures: ll, 293.15K; 9, 303.15K; A, 313.15
K; @, 323.15 K. The solid curves represent smoothed exper-
imental data.
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increasing composition of [PiC,Py][NTL], (Fig. 5). The value of
molar refraction is directly proportional to the molecular polariz-
ability, which is related to the ability of a molecular orbital to be
impaired under an electrical field [44]. The electric dipole moment
of the molecules absolutely dominated the orientation. The value of
np is measured in the optical region; thus, the polarizability should
not include the orientational effects [45]. Therefore, the molar refrac-
tion should not be regarded as a measure of the capacity molecular
polarizability.

The significance of polarizability (¢) is that it determines how the
molecular electron cloud behaves under the effect of an electric
field. This property is highly relevant for ILs due to the low elec-
trostatic interactions which provide them their surprising and desir-
able characteristics [46]. The polarizability can be calculated by the
following equation [47]:

2
-1 3V
a=| 2 [ m} (1)
ny+2 47N,
Table 9. Polarizability of the binary mixtures
ox10”/m’
X
' 293.15K 303.15K 313.15K 323.15K
0.0000 0.4400 0.4414 0.4422 0.4426
0.1000 0.9603 0.9637 0.9675 0.9725
0.1998 1.4783 1.4801 1.4868 1.4951
0.2966 1.9983 2.0007 2.0045 2.0109
0.3883 2.4581 2.4635 24716 2.4755
0.4939 3.0158 3.0174 3.0183 3.0239
0.5956 3.5417 3.5504 3.5464 3.5522
0.6954 4.0580 4.0550 4.0555 4.0649
0.7906 4.5503 4.5533 4.5568 4.5648
0.8879 5.0562 5.0618 5.0678 5.0702
1.0000 5.6336 5.6436 5.6456 5.6520

ax10”/m’

0.0 0.2 0.4 0.6 0.8 1.0

X

Fig. 6. Polarizability with mole fraction of the binary system at dif-
ferent temperatures: ll, 293.15K; €, 303.15K; A, 313.15K;
@, 323.15K. The solid curves represent smoothed experi-
mental data.

where N, is Avogadros number. The values of polarizability are
calculated and given in Table 9 and Fig. 6, which show that the
polarizability of the binary mixture is weakly affected by tempera-
ture and increases with the decrease of solvent. The polarizability
of [PiC;Py][NT£,], and ACN is 4.4001x10 * m’ and 5.6336x10 *
m’ at 293.15K, thereby indicating that the intermolecular dipole-
dipole force instead of the dispersion force is dominant [45]. The
dispersion force is induced by an instantaneous dipole and domi-
nated by the molecular polarizability. The great ionic strength and
polarizability generate a strong dispersion force. The polarizability
depends on the total number of electrons and the volume over which
they are spread. The polarizability values the increase with increas-
ing concentration of [PiC;Py][NTL], in the binary mixtures.

CONCLUSIONS

Novel experimental data on the densities, dynamic viscosities
and refractive indices of the pure IL [PiC;Py][NTE,], and its binary
mixtures with ACN at T of 293.15-323.15 K, as well as their entire
composition range, were presented. From the experimental values,
the volumetric properties of [PiC;Py][NTE,], (1)+ACN (2) binary
mixtures, and their V* were obtained. The values of Ay and AG™®
for the binary mixtures were calculated. The refractive indices, molar
refraction, and polarizability were also induced. Negative deviations
for the excess molar volumes, dynamic viscosities, and refractive
indices were observed. The values of V¥, A7 and An;, were fitted
to the Redlich-Kister equation with satisfactory results. For the excess
molar volumes, the strong ion-dipole interaction between the non-
hydrogen bonding polar ACN and cations of [PiC,Py][NT£], domi-
nated the volumetric property. The packing efficiency and tempera-
ture had a weaker influence on the binary mixture system. The
modified VFT equation is an effective way to determine the fit of
viscosity. The strong self-association of the solvent and the weak
hydrogen bonding interaction between [PiC;Py][NTf,], and ACN
determine the A7. The positive deviation of AG ™ for the binary
mixtures illustrated that intermolecular hydrogen bonding interac-
tions between [PiC;Py][NTL,], and ACN are determinant; AH" and
AS’ of activation for the viscous flow similarly confirm this con-
clusion. The refractive deviation and polarizability can be explained
by the dipole-dipole molecular interaction between [PiC;Py][NTE],
and ACN.
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