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Abstract - Pressure-density-temperature (p,p,7) data of the ionic liquid 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [BMIM][NTT,] at 7' = (273.15 to 413.15) K and pressures up to p =140 MPa
are reported with an estimated experimental relative combined standard uncertainty of Ap/p = +(0.01 to 0.08)%
in density. The measurements were carried out with a newly constructed Anton-Paar DMA HPM vibration-tube
densimeter. The system was calibrated using double-distilled water, aqueous NaCl solution, methanol, toluene
and acetone. An empirical equation of state for fitting the (p,p, T) data of [BMIM][NTH;] has been developed as a
function of pressure and temperature. This equation is used for the calculation of the thermophysical properties
of the ionic liquid, such as isothermal compressibility, isobaric thermal expansibility, thermal pressure
coefficient, internal pressure, isobaric and isochoric heat capacities, speed of sound and isentropic expansibility.

Keywords: Density; Vibration tube densimeter; Equation of state; Isothermal compressibility; Isobaric thermal

expansibility.

INTRODUCTION

Tonic liquids (ILs) are salts that are in liquid state
at low temperature (<100 °C) and they are non-
flammable, thermally stable and have no detectable
vapor pressure. They are excellent solvents for a
broad range of polar organic compounds and they
show partial miscibility with aromatic hydrocarbons.
Thus, they are under intense investigation, especially
as replacement solvents for reactions and separa-
tions. In addition, because of their chemical and
physical properties, there are useful applications for
them within several disciplines such as in synthetic
chemistry, sensors, solar cells, solid-state photocells
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and batteries and as thermal fluids, lubricants, and
hydraulic fluids, to name only a few (Wu et al., 2001;
Valkenburg et al., 2005; Kim et al., 2003; Dupont,
2004; Handy, 2011).

This work is a continuation of our investigations
in the field of thermophysical properties of ionic liquids
(Safarov et al., 2013). Included are the (p,p,T) prop-
erties of [BMIM][NTf,] at 7= (273.15 to 413.15) K
and at pressures up to p = 140 MPa, measured for the
first time over such wide temperature and pressure
intervals using a vibrating tube densimeter. The ther-
mophysical properties [isothermal compressibility
xr(p,T)/MPa’', isobaric thermal expansibility a,(p,T)/
K, thermal pressure coefficient y(p,7)/MPa-K™', inter-
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nal pressure pin(p,7)/MPa, specific heat capacities
co(p, D/Ikg" K" and ¢ (p, T)/TI'kg' K", speed of sound
u(p,T)/m-s™", isentropic expansibilities r(p,T)] were
calculated at high pressures and temperatures, in
which the density of [BMIM][NTT;] was measured.

The first density data of [BMIM][NTf,] were
measured at 7 = 298.15 K by a simple gravimetric
analysis using 1 mL by pipette and the average density
data was reported by Huddleston et al. (2001).

Krummen et al., (2002) measured the density
plkg-m™ of [BMIM][NTf,] as a function of tempera-
ture between 7 = (293.15 and 353.15) K at ambient
pressure using the Anton Paar vibrating tube den-
simeter to determine activity coefficients at infinite
dilution in ionic liquids.

Holbrey et al., (2003) investigated the heat capac-
ity values of [BMIM][NTf;] at 7= (293.1 to 453.1) K.

Fredlake et al., (2004) studied thermophysical
properties of [BMIM][NT,], including melting tem-
perature, glass-transition temperature, decomposition
temperature, heat capacity as a function of tempera-
ture, and density p/kg-m” of [BMIM][NTf,] at
T7=(296.15 to 333.75) K and ambient pressure using
a 1 mL pycnometer.

Tokuda et al., (2005) measured the density p/kg-m™
of [BMIM][NTT;] at 7= (288.15 and 313.15) K using
a thermoregulated DA-100 density/specific gravity
meter. The linear dependence of density versus
temperature was developed and fitting parameters of
this dependence were presented.

Speed of propagation of ultrasound waves u/m-s”
and densities of [BMIM][NTf;] at 7 = (298.15 to
328.15) K and pressures up to 59.10 MPa have been
determined by de Azevedo et al. (2005) using an
Anton Paar DMA 60 digital vibrating tube densime-
ter, with a DMA 512P measuring cell. These are the
first (p,p, T) measurements of [BMIM][NTT;]. The Tait
equation without coefficient dependence on tem-
perature was used for fitting of the measured values
to calculate the thermal properties of the IL.

Bagno et al. (2005) measured some of the ther-
mophysical properties, including density, conduc-
tivity, melting point, refractive index, surface tension
and diffusion coefficient of [BMIM][NTf,] at T =
298.15 K. The densities of [BMIM][NTf,] were de-
termined by gravimetric analysis by measuring the
weight of the sample in a 1 cm’ calibrated flask.

Jacquemin et al. (2006) measured the density p/
kg-m™ of [BMIM][NTf,] at 7= (292.88 to 391.28) K
using a U-shape vibrating-tube densimeter (Anton
Paar, model DMA 512) operating in a static mode.
The precision of the density measurement was 10
g-cm’ and the results were expected to be accurate to
107 g-em™.

Tokuda et al. (2006) presented values of density
plkg:m™ of [BMIM][NTf,] at 7= (288.15 to 313.15) K
and ambient pressure using a thermo-regulated den-
sity/specific gravity meter DA-100 (Kyoto Electron-
ics Manufacturing Co. Ltd.).

Troncoso et al. (2006) reported the experimental
densities p/kg-m”, isobaric heat capacities ¢,/J-mol™-K",
and enthalpies of fusion of two different samples of
[BMIM][NTf;] at atmospheric pressure. The density
and the heat capacity measurements were in the 7' =
(278.15 to 333.15) K temperature interval using a
DMA-5000 vibrating-tube densimeter from Anton-
Paar. Calibration was performed using Milli-Q water
and dry air as density standards. A critical analysis of
the effect of impurities on the measured thermody-
namic properties was performed. The estimated un-
certainty was +1-10” g-cm™. Isobaric molar heat ca-
pacities ¢, were obtained using a Micro DSCII dif-
ferential scanning calorimeter from Setaram. The
scanning method at a rate of 0.25 K-:min™ was used.
The uncertainty in ¢, for commonly used, high-purity
organic solvents is estimated to be +0.2 J-mol ™K.

Jacquemin et al. (2007) investigated the densities
plkgm™ of [BMIM][NTf,] as a function of tem-
perature at 7=(293.49 to 414.92) K and over an ex-
tended pressure range at p = (0.1 to 40) MPa using a
vibrating tube densimeter (Anton Paar, DMA 512).
The uncertainty of the density measurement was
+1-10% g-em”.

Harris et al. (2007) investigated the viscosities
n/mPa-s of [BMIM][NTTf,] between 7 = (273.15 to
353.15) K and at maximum pressures of 300 MPa
with a falling body viscometer. The viscosity calcu-
lations were performed using density data reported
by de Azevedo et al. (2005). These values were fitted
to the Hayward-type equation for the extrapolation
of the density values up to the experimental tempera-
ture and pressure interval of the measured viscosity
values.

Shimizu et al. (2008) studied the heat capacity of
[BMIM][NTf,] at 7= (250 to 300) K using adiabatic
calorimetry and they observed a broad heat capacity
anomaly and spontaneous endothermic effect for the
crystal phase. The relation between these anomalies
and thermal history after crystallization was described.

Wandschneider et al. (2008) used the pendant drop
method for measuring the surface tension o/n'm™ of
[BMIM][NTf;] at T = (292.88 to 391.28) K. The re-
quired density p/kg-m” data of IL were obtained
using a vibrating tube densimeter (Anton Paar DMA
512 P), which was calibrated at each temperature
using liquid water, dry air, and n-hexane as calibra-
tion substances. The uncertainty of the density data
was estimated to be £1-10™ g-cm™.
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Ge et al. (2008) investigated the heat capacity
cp/] ‘mol "K' of [BMIM][NTf,] as a function of
temperature between 293 K to 358 K by using a heat
flux differential scanning calorimeter (model DSC
Q100) with an uncertainty of 5%.

Blokhin et al. (2008) investigated the thermody-
namic properties of [BMIM][NTf,] using adiabatic
calorimetry in the temperature range of 7 = (5 to
370) K. The measurements were conducted in a
Termis TAU-10 adiabatic calorimeter. The maximum
error of the measurements did not exceed +4-10° ¢, in
the range of 7= (20 to 370) K, +1-107 cpat T= (10 to
20) K, and #2:10% ¢, at T< 10 K.

Katsuta et al. (2010) studied the various thermo-
physical properties of [BMIM][NTf;]: melting points
by the rising melting point method using a thermo-
controlled water bath and a primary standard ther-
mometer; densities at 7 = (293.2 to 308.4) K using
an oscillating U-tube density meter (Anton Paar,
DMA35n); kinematic viscosities at 7= (292.5 to 308.7)
K using an Ubbelohde-type viscometer (KUSANO,
No. 2); electric conductivities with a digital conduc-
timeter (TOA Electrics, CM-40S).

Geppert-Rybcezynska et al. (2010) studied the den-
sities of pure as well as six binary mixtures con-
taining the ionic liquid 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide mixed with tetra-
hydrofuran or acetonitrile or dimethyl sulfoxide at
atmospheric pressures in the temperature range be-
tween 7= (293.15 K and 313.15) K using a vibrating-
tube densimeter (model Anton Paar DMA 602) to
determine excess molar volumes of solutions.

Vranes et al. (2012) studied the density of
[BMIM][NTf;] at 7= (293.15 K and 353.15) K and,
from these values, the thermal expansion coefficient
was calculated. In addition, the specific conductivity
of the IL. was measured in the range from 7= (303.15
to 353.15) K and viscosity of the IL was measured
from room temperature up to 7= 353.15 K. The tem-
perature effect on the viscosity was analyzed by us-
ing the obtained experimental data.

Analysis of the literature (Table 1) shows the ne-
cessity of careful experimental (p,p,T) measurement
of [BMIM][NT{,] over a wide range of temperatures
and pressures, including temperatures below ambient
temperature and at high pressures for the following
reasons:

= There are no density values above p = 59.10
MPa;

= There are only a few thermophysical proper-
ties and these are within the small interval range;

= Only the Tait equation is used for fitting of
(p.p,T) properties (de Azevedo et al., 2005; Jacquemin
et al.,2007);

= The literature values have large deviations be-
tween them (up to Ap/p = £1%).

In our case the (p,p,T) properties of [BMIM][NT]
at 7= (273.15 to 413.15) K and at pressures p = (0.101
to 140) MPa are measured using a high pressure —
high temperature vibrating tube densimeter. Densi-
ties of [BMIM][NTf,;] at ambient pressure and at
temperatures 7 = (278.15 to 343.15) K are also meas-
ured using an Anton-Paar DSA 5000M vibrating tube
densimeter and sound velocity meter.

EXPERIMENTAL

The (p,p, T) measurements were carried out using
a new modernized high pressure — high temperature
Anton-Paar DMA HPM vibrating tube densimeter
[Safarov et al., (2009), Guliyev et al., (2009)]. Density
measurements with a vibrating tube are based on the
dependence of the period of oscillation of a unilater-
ally fixed U - tube (Hastelloy C - 276) on its mass.
This mass consists of the U - tube material and the
mass of the fluid filled into the U - tube.

The temperature in the measuring cell where the
U — tube is located is controlled using a thermostat
(F32 - ME Julabo, Germany) with an error of +10 mK
and is measured using an (ITS-90) Pt100 thermometer
(Type 2141) with an experimental error of +15 mK.
Pressure is measured by P-10 and HP-1 pressure
transmitters (WIKA Alexander Wiegand GmbH &
Co., Germany) with a relative uncertainty of (0.1 and
0.5)% respectively, of the measured value.

The sample in the oscillating tube is part of a
complex system. The force of inertial shear forces
occurs on the wall, influencing the resonant frequency
of the oscillator. If samples of higher viscosities are
measured, one notices that the displayed density is
too high. Up to a certain level, this error is a function
of viscosity [Aschcroft et al., (1990) and Stabinger,
(1994)]. The behavior can be explained by consider-
ing a segment of the oscillator in motion. Investigat-
ing a "slice" of sample one finds that both transla-
tional and rotational movements take place. The
force required to keep the slice rotating is introduced
by shear forces on the wall. As the viscosity in-
creases, an increasing part will rotate until the whole
slice rotates like a solid body. The momentum of
inertia of the rotated section, when added to the force
of inertia of the movement of translation, simulates a
higher mass with respect to volume, and so a higher
density. A correction can easily be performed if the
form of the error curve and the sample viscosity are
known [Aschcroft et al., (1990), Stabinger, (1994)
and Fitzgerald, (1992)].
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Table 1: Summary of the density measurements for [BMIM][NTT,].
Source Method Properties Temperature, | Pressure, Uncertainty, Fitted Purity Company of
TIK p/MPa Ap density Purchase
equation

Huddleston et al. GA p T 298.15 0.101 NA 115 ppm LP

(2001)

Krummen et al. VID p T 293.15 to 0.101 +1-10* g-cm™ 100 ppm Lp

(2002) 353.15

Holbrey et al. ¢ 293.1 to 0.101

(2003) 453.1

Fredlake et al. PC p T cp T, T, 296.15 to 0.101 NA 460 ppm Covalent

(2004) Teo, To 333.75 Associates, Inc.

de Azevedo et al. VTD . p T K, K1, 298.15 to 0.101 to 0.02% Tait 75 ppm LP, OUILL

(2005) Ay Vs Cpy Coy U 328.15 59.10

Bagno et al. GA »nT 298.15 0.101 NA NA LP

(2005)

Jacquemin et al. VTD p T 292.88 to 0.101 +1-10* g-em™ 10" LP

(2006) 391.28 water m.f.

Tokuda et al. TRD »nT 283.15 to 0.101 NA NA LP

(2006) 313.15

Troncoso et al. VTD, P, CpAisH 278.75 to 0.101 +1.5:10% g-em™(p) 130 ppm LP, OUILL,

(2006) DSC 333.15 +0.2 J'mol™K! (cp) 20 ppm Covalent

Associates, Inc.

Jacquemin et al. VTD p,p, T, k1, 0, 293.49 to 0.101 to +1-10* g-cm™ Tait | 107 LP

(2007) 414.92 40 water m.f.

Harris et al. VTD p.p, Ty 273.15to 0.101 (p) +1-10° g-em™ 19-10° LP

(2007) 363.15 water m.f.

Shimizu et al. AC ¢ 250 to 0.101

(2007) 300

Wandschneider ef al. | VTD o,p, T 292.88 to 0.101 +1-10* g-em™ 2.15-10" LP

(2008) 391.28 water m.f.

Ge et al. (2008) DSC ¢ 293 to 0.101 5% 9610 LP
358 water m.f.

Blokhin et al. AC ¢ 5to 0.101 2-10%¢, 0.985 m.f. LP

(2008) 370

Katsuta et al. VTD P Cp 1] 293.2 to 0.101 +1-10° g-em™

(2010) 308.4

Geppert-Rybczynska | VTD P 293.15 to 0.101 +2:10” g-em™

et al. (2010) 313.15

Vranes et al. VTD p 293.15 to 0.101 +1-10” g-em” 99% Merck AG

(2012) 313.15

GA, gravimetric analysis; p, density; T, temperature; T, melting temperature; T, freezing temperature; 7., cold crystallization temperature;
T,, glass-transition temperature; NA, not available; LP, laboratory product; VTD, Vibrating tube densimeter; PC, Pycnometer; «;, isoentropic
compressibility; «r, isothermal compressibility; ¢, isobaric thermal expansibility; y, thermal pressure coefficient; ¢, heat capacity at constant
pressure; ¢, heat capacity at constant volume; u. speed of sound; m.f., mass fraction; c,heat capacity; Agf, enthalpy of fusion; DSC,
differential scanning calorimeter; o; surface tension; AC, adiabatic calorimetry

In the present work the viscosity correction
(pupm-p)/ papm (Segovia et al., 2009) was included in
the density measurements as follows:

Luipr P _ 10,4482,/ - 0.1627]-107%,
PHPM

(D

For evaluation of Eq. (1) we need (oupm-p)/ Ourm
as a function of viscosity #, which must be known in
the same temperature and pressure range where den-
sities are determined. For the determination of the
dependence of this correction term on temperature
and pressure, the viscosity values of [BMIM][NTf]
of Harris et al. (2007) with an extrapolation to 7 =
273.15 K and p = 140 MPa were used.

The mPDS2000V3 control unit measures the vi-
bration period with an accuracy of Az = £0.001 ps.
According to the specifications of Anton-Paar and
the calibration procedures, the observed repeatability
of the density measurements at temperatures 7 =
(273.15 to 413.15) K and pressures up to p = 140
MPa was within Ap = +(0.1 to 0.3) kg'm™ or Ap/p =
+(0.01 to 0.03)%. The described uncertainty of the
viscosity measurements in the literature and the ap-
plication of those results to the temperature and pres-
sure intervals of our work increase the possible un-
certainty of the density measurements of the present
work. From the other point of view, the effect of the
right side of Eq. (1) is small and the uncertainty in-
crease in the density correction is not very large.
Thus, the uncertainty of the density measurements
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can be predicted to be between Ap = +(0.1 to 0.8)
kg:m™ or Ap/p == (0.01 to 0.08)%.

The ionic liquid [BMIM][NTf,] was purchased
from EMD Chemicals Inc. (Merck Group), Germany
(CAS No. 174899-83-3) with a purity > 98.0%. To
reduce the water content and volatile impurities it
was dehydrated by applying a low-pressure vacuum
of 1 to 10 Pa at temperature 7 = 423.15 K for 48 h
using magnetic stirring. The water content of dried
IL was determined using Karl Fischer titration and
found to be less than a mass fraction of 3-10,

The density measurements at ambient pressure
were also carried out using the Anton-Paar DMA 5000
densimeter with an uncertainty of +0.01 K. The overall
uncertainty of the experimental density measurements
at ambient pressure is better than Ap = +2-107 kg'm™.

The constant pressure specific heat capacities
¢y(po, T) were measured at 7 = (273.15 to 413.15) K
using a Pyris 1 DSC Differential Scanning Calo-
rimeter from Perkin Elmer Inc. The obtained ex-
perimental data were used for the calculation of the

307

specific heat capacities c,(p,T) and c¢,(p,T) at high
pressures and temperatures, in which the density of
[BMIM][NTT,] was experimentally investigated. The
accuracy of evaluation of the constant pressure spe-
cific heat capacity c,(po, ) was £ 1%.

RESULTS

(p,p,T) data of [BMIM][NTT;] were measured at
T=(273.15t0413.15) K and pressures up to p = 140
MPa and an equation of state (EOS) fitted to the
(p,p,T) data of [BMIM][NTf,] is reported. The tem-
perature and pressure steps in the experiments were
typically 7 = (5 to 20) K and p = (5 to 10) MPa, re-
spectively. The constant pressure specific heat ca-
pacity c,(po, ) data of [BMIM][NT{,] were measured
at T = (273.15 to 413.15) K. The (p,p,T) values ob-
tained are presented in Tables 2 and 3 and the values
of constant pressure specific heat capacity c,(po, T) in
Table 4.

Table 2: Experimental values of pressure p/MPa, density p/kg~m'3, temperature 7/K, literature (Harris et
al., 2007) and extrapolated viscosity values x/mPa-s, calculated values of isothermal compressibility
x1-10°/MPa’, isobaric thermal expansibility ap~106/K'1, difference in isobaric and isochoric heat capacities
(cp-c)J kg 'K’', thermal pressure coefficient y/MPa-K™, internal pressure p;,/MPa, isobaric heat capacity
c,,/J-kg'l-K'l, isochoric heat capacity ¢,/J-kg”- K", speed of sound u/m-s™ and isentropic expansibility x, of
1-butyl-3-methylimidazolium bis(triflluoromethylsulfonyl)imide [BMIM][NTT;].

p 14 T M Kt o Cp=Cy Y Dint Cp Cy U Ky
0.101 | 1460.36 | 273.15 183.5 484.0 637.7 157.19 | 1.3176 359.8 | 1315.33 | 1158.14 | 1267.71 | 23232.90
1.575 | 1461.35 | 273.18 187.8 480.5 635.1 156.96 | 1.3217 | 359.5 | 1315.09 | 1158.13 | 1271.72 | 1500.337
4989 | 1463.63 | 273.17 197.8 472.6 629.3 156.42 | 1.3317 358.8 [ 1314.45| 1158.03 | 1281.08 | 481.434

10.077 | 1466.99 | 273.14 213.0 461.2 621.0 155.67 | 1.3464 357.7 | 1313.51 | 1157.83 | 1294.86 | 244.091
19.746 | 1473.26 | 273.14 243.5 441.2 606.3 154.44 | 1.3741 355.6 | 1311.91 | 1157.47 | 1320.39 | 130.093
29.997 | 1479.73 | 273.14 279.0 421.9 592.1 153.34 | 1.4033 353.3 | 1310.34 | 1157.00 | 1346.71 89.480
39.393 | 1485.49 | 273.13 315.6 405.8 580.2 152.50 | 1.4298 351.1 | 1308.98 | 1156.48 | 1370.18 70.807
49.998 | 1491.81 | 273.13 362.7 389.1 567.9 151.73 | 1.4596 348.7 | 1307.55 | 1155.83 | 1396.01 58.156
59.843 | 1497.50 | 273.13 413.2 374.8 557.3 151.15 | 1.4870 | 346.3 | 1306.29 | 1155.14 | 1419.39 50.419
69.997 | 1503.19 | 273.14 473.1 361.2 547.3 150.69 | 1.5152 343.9 | 1305.05 | 1154.36 | 1442.96 44.715
79.504 | 1508.35 | 273.16 537.5 349.4 538.6 150.37 | 1.5415 | 341.6 | 1303.94 | 1153.57 | 1464.57 40.693
90.098 | 1513.91 | 273.15 619.9 337.1 529.6 150.10 | 1.5708 339.0 | 1302.68 | 1152.58 | 1488.14 37.208
99.368 | 1518.61 | 273.14 702.1 327.1 522.2 149.95 | 1.5963 336.7 | 1301.59 | 1151.64 | 1508.39 34.768
109.933 | 1523.78 | 273.14 808.4 316.5 514.4 149.87 | 1.6253 334.0 |1300.37 | 1150.50 | 1531.01 32.487
120.411 | 1528.71 | 273.13 928.4 306.6 507.1 149.87 | 1.6540 331.4 | 1299.15 | 1149.28 | 1553.05 30.620
129.932 | 1533.03 | 273.15 | 1050.8 298.2 500.9 149.95 | 1.6800 | 329.0 | 1298.09 | 1148.14 | 1572.70 29.182
139.613 | 1537.25 | 273.16 | 1189.3 290.1 495.0 150.09 | 1.7065 326.5 |1296.99 | 1146.90 | 1592.40 27.923
0.101 | 1450.91 | 283.15 105.0 502.0 643.4 160.91 | 1.2815 362.8 | 1329.85 | 1168.94 | 1249.78 | 22436.06

1.202 | 1451.68 | 283.18 106.7 499.3 641.4 160.73 | 1.2846 362.6 | 1329.69 | 1168.96 | 1252.85 | 1895.510

5.187 | 1454.48 | 283.15 112.9 489.2 634.2 160.07 | 1.2965 361.9 | 1328.94 | 1168.87 | 1264.10 | 448.065
10.200 | 1457.94 | 283.16 121.1 477.2 625.7 159.33 | 1.3111 361.1 | 1328.12 | 1168.79 | 1277.97 | 233.446
20.191 | 1464.67 | 283.16 139.0 455.1 610.0 158.04 | 1.3403 359.3 | 1326.58 | 1168.54 | 1305.02 | 123.551
30.101 | 1471.12 | 283.16 158.8 435.2 595.8 157.00 | 1.3691 357.6 | 1325.21 | 1168.21 | 1331.08 86.599
40.081 | 1477.39 | 283.16 181.3 416.9 582.9 156.16 | 1.3980 355.8 [ 1323.95| 1167.79 | 1356.62 67.844
49.997 | 1483.42 | 283.15 206.3 400.3 571.1 155.51 | 1.4266 | 354.0 |1322.78 | 1167.28 | 1381.38 56.621

Continuation Table 2
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Continuation Table 2

p P T u Kt o, CpCy Y Pint ¢ ¢y U K

60.008 | 1489.30 | 283.15 234.5 384.9 560.2 | 155.01 | 1.4554 | 352.1 |1321.70 | 1166.69 | 1405.73 49.045
69.998 | 1494.97 | 283.15 266.1 370.8 550.2 | 154.66 | 1.4840 | 350.2 | 1320.68 | 1166.03 | 1429.49 43.643
79.898 | 1500.41 | 283.15 300.9 357.7 541.1 15443 | 1.5124 | 3483 | 1319.73 | 1165.29 | 1452.56 39.622
89.997 | 1505.76 | 283.15 340.3 345.5 5324 | 15432 | 1.5413 | 346.4 | 1318.79 | 1164.47 | 1475.54 36.426
99.512 | 1510.65 | 283.14 381.4 334.7 5249 | 15431 | 1.5685 | 344.6 | 1317.92 | 1163.61 | 1496.81 34.010
109.970 | 1515.84 | 283.15 431.4 323.6 517.2 | 154.40 | 1.5983 | 342.6 | 1317.02 | 1162.61 | 1519.77 31.837
119.657 | 1520.51 | 283.16 | 482.3 314.0 510.5 154.58 | 1.6259 | 340.7 |1316.20 | 1161.63 | 1540.57 30.158
129.968 | 152531 | 283.15 541.9 304.4 503.9 | 154.83 | 1.6553 | 338.7 | 1315.31 | 1160.47 | 1562.40 28.650
139.481 | 1529.61 | 283.15 602.1 296.1 498.1 155.14 | 1.6825 | 336.9 |1314.50 | 1159.36 | 1582.22 27.456
0.101 | 1441.48 | 293.15 63.8 521.0 648.4 | 164.11 | 1.2445 | 364.7 | 1344.01 | 1179.90 | 1231.57 | 21646.99
1.418 | 1442.44 | 293.16 64.8 517.3 645.9 | 163.87 | 1.2484 | 364.6 | 1343.78 | 1179.91 | 1235.40 | 1552.518
4.886 | 1444.98 | 293.15 67.7 507.9 639.3 163.27 | 1.2588 | 364.1 | 1343.16 | 1179.89 | 1245.41 | 458.711
9.795 | 1448.52 | 293.15 71.8 495.2 630.5 162.49 | 1.2734 | 363.5 | 1342.35|1179.86 | 1259.41 | 234.566
19.754 | 1455.48 | 293.16 81.0 4713 614.1 161.14 | 1.3028 | 362.2 | 1340.87 | 1179.74 | 1287.13 | 122.071
29.998 | 1462.36 | 293.15 91.6 449.2 598.9 | 160.03 | 1.3331 | 360.8 | 1339.52|1179.49 | 1314.81 84.277
39.408 | 1468.44 | 293.15 102.4 430.8 586.2 | 159.24 | 1.3608 | 359.5 | 1338.42 | 1179.19 | 1339.54 66.865
49.997 | 1475.02 | 293.15 116.0 411.8 5732 | 158.56 | 1.3919 | 358.0 | 1337.32| 1178.76 | 1366.65 55.104
59.813 | 1480.90 | 293.15 130.0 395.8 562.3 158.13 | 1.4207 | 356.7 |1336.40 | 1178.27 | 1391.12 47.914
69.996 | 1486.77 | 293.15 146.3 380.4 551.9 | 157.84 | 1.4506 | 355.2 | 1335.52| 1177.69 | 1415.94 42.585
79.504 | 1492.07 | 293.15 163.1 367.2 5429 | 157.70 | 1.4784 | 353.9 |1334.77 | 1177.07 | 1438.62 38.841
89.996 | 1497.71 | 293.15 183.7 353.7 533.8 | 157.69 | 1.5092 | 352.4 |1333.99|1176.30 | 1463.08 35.624
99.217 | 1502.52 | 293.15 203.8 342.7 5264 | 157.78 | 1.5362 | 351.1 | 1333.34| 1175.56 | 1484.18 33.359
109.936 | 1507.94 | 293.15 229.7 330.7 518.5 158.01 | 1.5677 | 349.6 | 1332.63 | 1174.62 | 1508.26 31.203
118.950 | 1512.36 | 293.15 253.9 3213 5123 158.28 | 1.5941 | 348.4 |1332.05|1173.77 | 1528.11 29.690
129.935 | 1517.61 | 293.15 286.3 310.6 505.2 | 158.71 | 1.6264 | 346.9 |1331.37|1172.65| 155191 28.131
139.274 | 1521.97 | 293.15 316.9 302.1 499.6 | 159.16 | 1.6540 | 345.6 | 1330.80 | 1171.64 | 1571.81 26.999
0.101 | 1436.76 | 298.15 51.0 530.9 650.8 | 165.55 | 1.2259 | 365.4 | 1350.99 | 1185.44 | 1222.32 | 21253.85
1.235 | 1437.63 | 298.16 51.7 527.6 648.6 | 16534 | 1.2292 | 365.3 | 1350.80 | 1185.46 | 1225.66 | 1748.707
5.002 | 1440.47 | 298.15 54.1 516.9 641.3 164.66 | 1.2405 | 364.9 |1350.12 | 1185.46 | 1236.73 | 440.459
10.006 | 1444.18 | 298.14 57.4 503.4 632.1 163.83 | 1.2555 | 364.3 | 1349.27 | 1185.44 | 1251.21 | 225.949
19.968 | 1451.31 | 298.15 64.7 478.7 6153 162.45 | 1.2852 | 363.2 | 1347.81 | 118536 | 1279.29 | 118.943
29.954 | 1458.14 | 298.13 72.8 456.4 600.1 161.34 | 1.3149 | 362.0 |1346.49 | 1185.15 | 1306.65 83.105
39.952 | 1464.68 | 298.15 81.7 436.2 586.4 | 160.50 | 1.3444 | 360.9 | 1345.39 | 1184.89 | 1333.21 65.157
50.004 | 1470.98 | 298.17 91.7 417.7 573.9 | 159.88 | 1.3741 | 359.7 | 1344.42 | 1184.54 | 1359.20 54.340
59.925 | 1476.95 | 298.15 102.6 401.0 562.7 | 159.45 | 1.4035 | 358.5 | 1343.51 | 1184.06 | 1384.29 47.225
69.987 | 1482.78 | 298.16 114.8 385.4 5523 159.19 | 1.4332 | 357.3 | 1342.72 | 1183.53 | 1409.09 42.063
79.958 | 1488.34 | 298.15 128.1 371.1 5429 | 159.08 | 1.4627 | 356.1 | 1341.98 | 1182.90 | 1433.13 38.229
90.005 | 1493.74 | 298.14 142.8 357.9 534.1 159.11 | 1.4925 | 355.0 |1341.29 | 1182.18 | 1456.86 35.224
99.978 | 1498.95 | 298.15 159.0 345.7 526.1 159.26 | 1.5220 | 353.8 | 1340.68 | 1181.42 | 1479.92 32.837
109.968 | 1504.02 | 298.13 176.8 3343 518.7 | 159.52 | 1.5517 | 352.6 | 1340.07 | 1180.55 | 1502.60 30.881
119.945 | 1508.95 | 298.15 196.5 323.7 511.8 | 159.89 | 1.5812 | 351.5 | 1339.55| 1179.66 | 1524.80 29.251
129.968 | 1513.80 | 298.15 218.3 313.7 505.3 160.35 | 1.6111 | 350.4 |1339.02 | 1178.67 | 1546.75 27.866
139.958 | 1518.55 | 298.15 2423 304.3 499.4 | 160.89 | 1.6409 | 3493 | 1338.50 | 1177.62 | 1568.28 26.685
0.101 | 1422.66 | 313.15 28.6 562.3 657.8 | 169.39 | 1.1699 | 366.3 | 1371.69 | 1202.30 | 1194.22 | 20089.60
1.418 | 1423.71 | 313.11 29.0 557.8 654.9 | 169.10 | 1.1741 | 366.2 | 1371.38 | 1202.28 | 1198.36 | 1441.978
5.204 | 1426.67 | 313.12 30.2 545.8 647.0 | 16833 | 1.1855 | 366.0 | 1370.68 | 1202.35 | 1209.94 | 401.377
9.765 | 1430.17 | 313.17 31.8 532.0 637.9 | 167.49 | 1.1991 365.8 | 1369.96 | 1202.46 | 1223.62 | 219.301
20.347 | 1438.02 | 313.17 35.6 502.6 618.7 | 165.86 | 1.2310 | 365.2 | 1368.34|1202.48 | 1254.71 | 111.270
30.098 | 1444.93 | 313.15 394 478.4 602.9 | 164.69 | 1.2604 | 364.6 | 1367.06 | 1202.37 | 1282.50 78.967
39.571 | 1451.36 | 313.14 43.5 457.1 589.1 163.83 | 1.2890 | 364.1 | 136599 | 1202.17 | 1308.74 62.825
49.997 | 1458.16 | 313.14 48.4 435.9 575.5 163.15 | 1.3203 | 363.4 | 1365.01 | 1201.85 | 1336.76 52.117
59.573 | 1464.14 | 313.14 53.4 418.1 564.1 162.75 | 1.3491 362.9 | 1364.23 | 1201.48 | 1361.86 45.584
69.996 | 1470.41 | 313.14 59.2 400.5 552.8 | 162.51 | 1.3805 | 362.3 | 1363.49 | 1200.97 | 1388.54 40.503
80.187 | 1476.30 | 313.14 65.4 384.7 542.8 | 162.47 | 1.4111 361.7 | 1362.86 | 1200.39 | 1413.96 36.809
89.997 | 1481.76 | 313.15 72.0 370.6 534.0 | 162.58 | 1.4407 | 361.2 |1362.35|1199.77 | 1437.91 34.043
99.768 | 1487.03 | 313.16 79.0 357.7 525.9 | 162.83 | 1.4703 | 360.7 | 1361.90 | 1199.07 | 1461.30 31.829
109.837 | 1492.30 | 313.16 86.8 3453 518.2 | 163.20 | 1.5008 | 360.2 | 1361.47 | 1198.27 | 1484.93 29.959
120.111 | 1497.53 | 313.16 95.5 333.5 511.0 | 163.71 | 1.5321 | 359.7 | 1361.08 | 1197.37 | 1508.60 28.376
129.837 | 1502.36 | 313.16 104.4 323.1 504.7 | 164.29 | 1.5618 | 359.2 | 1360.75 | 1196.46 | 1530.61 27.108
139.857 | 1507.23 | 313.16 1143 313.1 498.6 | 164.98 | 1.5925 | 358.8 | 1360.43 | 1195.45 | 1552.93 25.988
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0.101 | 1403.91 | 333.15 15.4 608.7 667.4 173.66 | 1.0965 365.2 | 1398.98 | 122533 | 1155.86 | 18572.06
1.571 | 1405.16 | 333.12 15.6 602.8 663.8 173.28 | 1.1012 365.2 | 1398.62 | 1225.34 | 1160.74 | 1205.209
5.018 | 1408.08 | 333.13 16.2 589.8 655.7 172.46 | 1.1117 365.3 | 139791 | 122545 | 1171.93 | 385.414
9.573 | 1411.84 | 333.15 16.9 573.5 645.6 171.47 | 1.1256 365.4 | 1397.05 | 1225.58 | 1186.47 | 207.619
19.998 | 1420.12 | 333.15 18.7 539.5 624.5 169.60 | 1.1576 365.7 | 1395.28 | 1225.68 | 1218.94 | 105.511
29.997 | 1427.65 | 333.14 20.5 510.6 606.7 168.23 | 1.1882 365.8 | 1393.86 | 1225.63 | 1249.02 74.244
39.634 | 1434.56 | 333.13 22.5 485.7 591.5 167.26 | 1.2177 366.0 | 1392.70 | 1225.44 | 1277.13 59.032
49.997 | 1441.63 | 333.15 24.7 461.7 576.8 166.53 | 1.2492 366.2 | 1391.69 | 1225.16 | 1306.42 49.208
59.796 | 1448.01 | 333.16 26.9 441.1 564.3 166.10 | 1.2792 366.4 | 1390.87 | 1224.77 | 1333.39 43.050
69.997 | 1454.35 | 333.15 29.5 421.7 552.6 165.88 | 1.3104 366.6 | 1390.12 | 1224.23 | 1360.75 38.470
79.530 | 1460.04 | 333.14 32.0 405.0 542.6 165.87 | 1.3397 366.8 | 1389.52 | 1223.64 | 1385.72 35.251
89.997 | 1466.07 | 333.15 34.9 388.3 532.7 166.05 | 1.3718 367.0 | 1388.98 | 1222.93 | 1412.49 32.501
99.488 | 1471.34 | 333.15 37.8 374.3 524.4 166.36 | 1.4011 367.3 | 1388.55 | 1222.19 | 1436.29 30.510
109.844 | 1476.92 | 333.15 41.0 360.2 516.2 166.84 | 1.4330 367.6 | 1388.16 | 1221.31 | 1461.66 28.727
119.474 | 1481.98 | 333.15 443 348.0 509.1 167.42 | 1.4629 367.9 | 1387.85 | 1220.43 | 1484.83 27.349
129.847 | 1487.32 | 333.14 47.9 335.8 502.1 168.16 | 1.4952 368.3 | 1387.55 | 1219.39 | 1509.36 26.095
139.470 | 1492.20 | 333.13 51.5 3253 496.1 168.95 | 1.5252 368.6 | 1387.31 | 1218.36 | 1531.69 25.099
0.101 | 1385.21 | 353.15 9.6 660.8 677.5 177.09 | 1.0253 362.0 | 1426.08 | 1248.98 | 1116.88 | 17108.91
2.062 | 1386.99 | 353.16 9.7 651.7 672.2 176.54 | 1.0315 362.2 | 1425.62 | 1249.08 | 1123.71 | 849.380
4.981 | 1389.60 | 353.16 10.0 638.6 664.6 175.76 | 1.0407 362.6 | 1424.94 | 1249.18 | 1133.79 | 358.632
9.972 | 1393.97 | 353.15 10.4 617.4 652.3 174.57 | 1.0565 363.1 | 1423.86 | 1249.30 | 1150.76 | 185.120
19.715 | 1402.15 | 353.16 11.3 580.1 630.6 172.65 | 1.0870 364.2 | 1422.05 | 1249.41 | 1182.88 99.513
29.997 | 1410.34 | 353.15 12.3 545.6 610.6 171.12 | 1.1192 365.2 | 1420.43 | 1249.30 | 1215.59 69.472
39.906 | 1417.81 | 353.14 13.4 516.2 593.7 170.07 | 1.1501 366.2 | 1419.10 | 1249.03 | 1246.02 55.158
49.994 | 1425.04 | 353.15 14.5 489.5 578.3 169.34 | 1.1815 367.3 | 1417.96 | 1248.62 | 1276.02 46.408
60.299 | 1432.06 | 353.16 15.7 465.0 564.3 168.91 | 1.2136 368.3 | 1416.98 | 1248.07 | 1305.76 40.490
69.997 | 1438.36 | 353.16 17.0 444.2 552.5 168.74 | 1.2438 369.3 | 1416.16 | 1247.42 | 1333.02 36.512
79.453 | 1444.25 | 353.16 18.2 425.7 542.1 168.78 | 1.2733 370.2 | 1415.47 | 1246.69 | 1358.92 33.566
89.995 | 1450.53 | 353.15 19.7 406.9 531.5 169.03 | 1.3062 3713 | 1414.78 | 1245.76 | 1387.13 31.014
99.161 | 1455.81 | 353.13 21.1 391.9 523.1 169.39 | 1.3350 372.3 | 1414.25 | 1244.85 | 1411.14 29.237
109.841 | 1461.76 | 353.15 22.8 375.8 514.2 169.99 | 1.3684 373.4 | 1413.75 | 1243.76 | 1438.48 27.539
120.136 | 1467.33 | 353.17 24.4 361.5 506.4 170.71 | 1.4007 3745 | 1413.34 | 1242.63 | 1464.24 26.188
129.833 | 1472.46 | 353.17 26.1 349.1 499.6 171.50 | 1.4313 375.6 | 1412.98 | 1241.48 | 1488.08 25.114
139.753 | 1477.61 | 353.17 27.8 337.2 493.2 172.42 | 1.4626 376.8 | 1412.66 | 1240.23 | 1512.04 24.171
0.101 | 1366.59 | 373.15 6.6 718.6 687.2 179.46 | 0.9563 356.7 | 1452.72 | 1273.26 | 1077.91 | 15719.82
1.253 | 1367.68 | 373.14 6.6 712.1 683.7 179.12 | 0.9601 357.0 | 1452.42 | 1273.31 | 1082.22 | 1278.335
4.940 | 1371.17 | 373.13 6.8 692.3 673.1 178.10 | 0.9723 3579 | 1451.53 | 1273.43 | 1095.82 | 333.301
10.088 | 1375.93 | 373.15 7.1 666.5 659.3 176.84 | 0.9891 359.0 | 1450.43 | 1273.58 | 111435 | 169.371
20.181 | 1384.85 | 373.16 7.7 621.4 635.1 174.88 | 1.0220 361.2 | 1448.49 | 1273.61 | 1149.56 90.687
29.994 | 1393.07 | 373.15 8.3 583.3 614.6 173.49 | 1.0538 363.2 | 1446.86 | 1273.36 | 1182.52 64.949
39.415 | 1400.57 | 373.15 8.9 551.1 597.4 172.56 | 1.0841 365.1 | 1445.50 | 1272.94 | 1212.98 52.282
49.994 | 1408.55 | 373.16 9.6 519.0 580.3 171.90 | 1.1181 367.2 | 1444.18 | 1272.28 | 1246.07 43.745
60.032 | 1415.74 | 373.17 10.3 492.0 566.0 171.60 | 1.1502 369.2 | 1443.07 | 1271.47 | 1276.47 38.424
69.993 | 1422.52 | 373.15 11.0 467.9 553.2 171.56 | 1.1822 371.1 | 1442.05 | 1270.50 | 1305.83 34.655
79.488 | 1428.69 | 373.13 11.8 447.2 542.2 171.72 | 1.2126 373.0 | 1441.17 | 1269.45 | 1333.03 31.938
89.995 | 1435.23 | 373.15 12.6 426.4 531.3 172.12 | 1.2461 375.0 | 1440.34 | 1268.22 | 1362.35 29.599
99.429 | 1440.87 | 373.16 13.4 409.3 5223 172.64 | 1.2762 376.8 | 1439.65 | 1267.01 | 1388.06 27.921
109.846 | 1446.85 | 373.16 14.3 392.0 513.3 173.36 | 1.3095 378.8 | 1438.93 | 1265.57 | 1415.85 26.405
120.742 | 1452.90 | 373.17 153 375.5 504.8 174.28 | 1.3443 380.9 | 1438.26 | 1263.98 | 1444.22 25.099
129.844 | 1457.80 | 373.17 16.1 362.7 498.2 175.16 | 1.3735 382.7 | 1437.73 | 1262.58 | 1467.47 24.179
139.897 | 1463.09 | 373.17 17.0 349.6 491.5 176.23 | 1.4058 384.7 | 1437.19 | 1260.96 | 1492.68 23.302
0.101 | 1348.03 | 393.15 4.9 781.5 694.6 180.12 | 0.8889 349.4 | 1478.29 | 1298.17 | 1039.82 | 14427.42
2.049 | 1349.98 | 393.14 5.0 768.6 688.4 179.61 | 0.8957 350.1 | 1477.86 | 1298.25 | 1047.54 | 722.863
5.204 | 1353.10 | 393.14 5.1 748.6 678.8 178.85 | 0.9068 351.3 | 1477.20 | 1298.36 | 1059.86 | 292.047
10.321 | 1358.04 | 393.14 53 718.5 664.3 177.78 | 0.9245 353.1 | 1476.21 | 1298.43 | 1079.43 | 153.317
20.391 | 1367.39 | 393.16 5.7 666.1 638.9 176.17 | 0.9591 356.7 | 1474.48 | 1298.31 | 1116.54 83.609
29.995 | 1375.85 | 393.15 6.0 623.1 618.1 175.15 | 0.9919 360.0 | 1472.98 | 1297.84 | 1150.51 60.724
39.559 | 1383.86 | 393.15 6.4 585.7 599.9 174.53 | 1.0242 363.1 | 1471.64 | 1297.11 | 1183.06 48.968
49.993 | 1392.15 | 393.15 6.9 549.9 582.5 174.23 | 1.0593 366.5 | 1470.31 | 1296.08 | 1217.31 41.267
60.279 | 1399.89 | 393.15 7.4 518.7 567.3 174.25 | 1.0936 369.7 | 1469.08 | 1294.83 | 1249.94 36.284
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p P T u Kt o, CpCy Y Pint ¢ ¢y U K
69.992 | 1406.84 | 393.15 78 | 492.6 | 554.6 | 17451 | 1.1259 | 372.7 | 1468.00 | 1293.49 | 1279.77 | 32.919
80.121 | 1413.73 | 393.16 83 | 468.0 | 5427 | 174.99 | 1.1595 | 375.7 |1466.94 | 1291.95| 1310.01 | 30.279
89.994 | 1420.13 | 393.16 8.8 | 446.4 | 5322 | 175.65 | 1.1921 | 378.7 |1465.95|1290.31 | 1338.72| 28.279
99.459 | 1426.01 | 393.16 93 | 427.6 | 523.0 | 176.42 | 1.2233 | 381.5 | 1465.04 | 1288.62 | 1365.58 | 26.735
109.834 | 1432.16 | 393.16 9.8 | 4087 | 513.9 | 177.41 | 1.2575 | 384.6 | 1464.08 | 1286.67 | 1394.36 | 25.351
119.422 | 1437.62 | 393.16 104 | 3927 | 5062 | 178.44 | 1.2890 | 387.4 |1463.23 | 1284.79 | 142031 | 24.284
129.833 | 144332 | 393.16 11.0 | 376.8 | 4985 | 179.67 | 1.3232 | 390.4 | 1462.34 | 1282.67 | 1447.93 | 23.307
139.501 | 1448.43 | 393.16 11.6 | 363.1 | 491.9 | 180.91 | 1.3549 | 3932 |1461.54 | 1280.63 | 1473.07 | 22.532
0.101 | 1329.54 | 413.15 3.8 | 8474 | 6969 | 178.18 | 0.8224 | 339.7 |1501.90 | 1323.72 | 1003.70 | 13256.64
1.024 | 1330.50 | 413.13 3.8 | 840.1 | 693.9 | 178.02 | 0.8260 | 340.2 | 1501.76 | 1323.73 | 1007.62 | 1318.836
5.002 | 1334.61 | 413.15 3.9 | 8103 | 6814 | 177.40 | 0.8409 | 3424 |1501.28 | 1323.88 | 1024.08 | 279.791
10.410 | 1340.07 | 413.16 41 | 773.1 | 665.7 | 17673 | 0.8611 | 345.4 | 1500.63 | 1323.90 | 1045.95 | 140.843
20.251 | 1349.64 | 413.16 44 | 7138 | 640.7 | 17596 | 0.8975 | 350.5 |1499.48 | 1323.52 | 1084.26 | 78.372
29.996 | 1358.66 | 413.16 47 | 6639 | 6194 | 175.66 | 0.9330 | 355.5 | 1498.38 | 1322.72 | 1120.50 | 56.887
40.087 | 1367.55 | 413.16 50 | 6193 | 6002 | 175.73 | 0.9693 | 360.4 |1497.26 | 1321.53 | 1156.49 | 45.640
49.992 | 1375.83 | 413.15 53 | 5812 | 583.8 | 176.09 | 1.0046 | 365.1 |1496.14 | 1320.05 | 1190.47 | 39.011
60.368 | 1384.07 | 413.15 56 | 5462 | 5687 | 176.74 | 1.0412 | 369.8 | 1494.99 | 1318.24 | 1224.81 | 34.397
69.992 | 1391.31 | 413.15 59 | 5174 | 5562 | 177.54 | 1.0750 | 374.1 |1493.91 | 1316.36 | 1255.63 | 31.339
80.288 | 1398.68 | 413.14 63 | 489.9 | 5442 | 178.57 | 1.1108 | 378.6 | 149273 | 1314.15 | 1287.64 | 28.880
89.996 | 1405.26 | 413.14 6.6 | 466.6 | 5340 | 179.69 | 1.1445 | 382.8 |1491.63 | 1311.93 | 1316.98 | 27.078
99.338 | 1411.29 | 413.14 6.9 | 4462 | 525.0 | 180.88 | 1.1766 | 386.8 | 1490.56 | 1309.68 | 1344.48 | 25.676
109.856 | 1417.73 | 413.14 73 | 4254 | 5159 | 18233 | 1.2127 | 391.2 | 1489.36 | 1307.02 | 1374.71 | 24.385
120.053 | 1423.65 | 413.13 77 | 407.0 | 507.7 | 183.84 | 1.2475 | 3953 | 1488.17 | 1304.34 | 1403.32 | 23.351
129.854 | 1429.05 | 413.14 8.0 | 390.8 | 500.6 | 18537 | 1.2809 | 399.3 | 1487.06 | 1301.69 | 143021 | 22.511
139.825 | 1434.28 | 413.15 84 | 3756 | 493.9 | 187.00 | 1.3147 | 403.4 |1485.93 |1298.93 | 1457.01 | 21.780

Table 3: Experimental density values of [BMIM]
[NTf,] at p=0.101 MPa measured in an Anton-Paar
DMA 5000M vibrating tube densimeter (<353.15 K)
and extrapolated using Egs. (2) - (3) (>353.15 K).

T/K plkg-m™
273.15 1460.36
283.15 1450.91
293.15 1441.48
298.15 1436.76
313.15 1422.66
333.15 1403.91
353.15 1385.21
373.15 1366.59
393.15 1348.03
413.15 1329.54

Table 4: Experimental values of specific heat ca-
pacity c,(po, T) of [BMIM][NTT;] at p=0.101 MPa
and temperatures at 7=(273.15 to 413.15) K meas-
ured using the Pyris 1 DSC.

T/K c(ppDkg" K"
273.15 1315.22
283.15 1329.65
293.15 1343.92
298.15 1351.00
313.15 1371.97
333.15 1399.37
353.15 1426.11
373.15 1452.20
393.15 1477.64
413.15 1502.42

The measured densities as a function of pressure
and temperature are fitted to the equation of state
(Safarov et al., 2009):

p(p,T)MPa = A(T)-(p/g-cm™)?
+B(T)-(p/g-cm™)* @)

+C(T)-(p/g-cm'3)12

where: the coefficients of Eq. (2) A(7), B(T) and
C(T) are functions of temperature.

4

AT =)

i=1

3 3
aT', B(T) =Y hT',C(T) =Y T (3)
i=0 i=0

The coefficients a; b; and ¢; of Eq. (3) are given
in Table 5. Eqgs. (2) and (3) describe the experimental
results of density of [BMIM][NTTf,] within +Ap/p =
+0.0062% percent, corresponding to Ap =+ 0.10 kg
m” standard with a maximal deviation of Ap = +0.47
kg m™, respectively.

Figures 1 and 2 show the plots of pressure p of
[BMIM][NTHf;] versus density p and deviations of the
experimental density p of [BMIM][NTT,] from the
calculated density p by Egs. (2) and (3) versus pres-
sure p at T=(273.15to 413.15) K.
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Table 5: Values of the coefficients a; b; and ¢; in
Egs. (2) - (3).

a; b; Ci
a;=-2.52296606 by=-47.5329551 | co="7.84979326
a=1.11071177-107 | b;=0.59043 ¢1=-7.50919-10"
a;=-0.1661412610" | b,=-0.18066:107 | ¢, = 0.2296674-10°
a,=0.75112:10" by=0.1797-10° | c;=-0.2124491374-10°°
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Figure 1: Plot of pressure p of [BMIM][NTf;] versus
density p: ¢, 273.15 K; u, 283.15 K; 4, 293.15 K; v,
298.15 K; %, 313.15 K; ¢, 333.14 K; O, 353.16 K; A,
373.15 K; v, 393.15 K; %, 413.15 K; __ calculated by

Egs. (2) - (3).
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Figure 2: Plot of deviations of experimental density
Pexp. Of [BMIM][NTH;] from that calculated by Egs. (2)
- (3) pea. versus pressure p at 7=(273.15 to 413.15) K:
*, 27315 K; u, 283.15 K; 4, 293.15 K; v, 298.15 K;
*, 313.15 K; ©, 333.14 K; O, 353.16 K; A, 373.15 K;
v,393.15K; «,413.15K.

The values of isothermal compressibility x/MPa™,
isobaric thermal expansibility /K", difference in
isobaric and isochoric heat capacities (c,-c,)/J-kg" K,
thermal pressure coefficient y/MPa-K™, internal pres-
sure py,/MPa, isobaric heat capacity cp/J-kg'l-K",
isochoric heat capacity ¢/I'’kg’-K™", speed of sound
w/m-s" and isentropic expansibility #, of 1-butyl-3-
methylimidazolium bis(triflluoromethylsulfonyl)imide
[BMIM][NTHf;] were calculated from Egs. (2) and (3)
using the following fundamental equations of thermo-
dynamics:
= Isothermal compressibility xr(p,T):

4)

pr,p)Y
op

KT(paT):l(
P

T
k1 (p,T)=1/[2A(T)p* +8B(T)p® +12C(T)p"*]. (5)

= Isobaric thermal expansibility o;(p,T):

-1
_1(apT.p)) [p(T,p)

ap(p’T)_p[ or jp[ op )T' ©

a,(p,T) =[4'(T)+ B (T)p° +C'(T1)p"V/ R

[2A(T)+8B(T)p° +12C(T)p'°1’

where: A, B’, and C’ are the derivatives of 4, B, and
C, respectively:

4 3
AT = i T, B (T) = ib T,
i=1 i=1
(®)
3 .
C(Ty=Y ieT"™.
i=1
= Thermal pressure coefficient y(p,T):
a,p,T)
y(p.T)=———". (€]
Kr (paT)
= Internal pressure p;(p,T):
ou op(T ,p))
. ,T =| — = T —_— —
Pine®,T) (er ( T
(10)
T-a,(p.T)
=T y(p.T)-p=—=t o
KT(p’T)
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= Specific heat capacities (at constant pressure
e, D] kgK" and constant volume ¢,(p,T)/J kg K ™)
at high pressures and temperatures:

azp(T,p)J dp

P
cv<p,T)=cv(po,T)—ij( | S an
0

T(ap(T,p)jz
cp(p,T)=cv(p,T)+L, (12)
pz(ap(T,P)j
op )y

a,(p.T)-T

. 13
p'KT(paT) ( )

Cp(paT)_Cv(paT):

After determination of specific heat capacities it
is possible to determine the speed of sound at high
pressures and various temperatures u(p,T)/m's '
using the following thermodynamic relation:

u*(p,T) =

Cp(PaT)(ap(T,p)j . (14
o@D\ dp )p

We can also obtain the isentropic expansion
xs(p, T) using the following relation:

(15)

T

r o@D op

These values are also presented in Table 2
together with (p,p, T) data of [BMIM][NTT;].

If we can define the constant volume specific heat
capacity at ambient pressure ¢,(po, T) in Eq. (11), it is
possible to calculate the specific heat capacities at
high pressures and temperatures [c,(p,T) in Eq. (11)
and c,(p,T) in Eq. (12)], in which the density of
[BMIM][NTf;] is experimentally investigated. The
second term on the right side of Eq. (12) is the
differences in specific heat capacities c,(p,7) —
e,(p,T)/T'kg "K', which were calculated using the
(p,p,T) values. The constant volume specific heat
capacities at ambient pressure c,(po,T) were
calculated using the experimental constant pressure
specific heat capacity c,(po,7) values at ambient
pressure and Eq. (13) for the ambient pressure
situation.

DISCUSSION

The measured (p,p,T) data of [BMIM][NTf,] and
calculated thermophysical properties are analyzed
and compared with the available literature values
(Table 1),. The percent (PD) and average relative
deviations (APD) between the literature values and
our experimental density values are calculated using
Egs. (16) - (17) from Safarov et al. (2013). The
equation of state was used to interpolate our results
with the literature values at similar temperature and
pressure conditions for comparison purposes. Figure 3
show the plot of deviation of experimental pey, and
literature p.,. densities of [BMIM][NTT,] at p=0.101
MPa versus temperature, which are discussed below.
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Figure 3: Plot of deviation of experimental pe, and
literature p.,. densities of [BMIM][NTf;] at p=0.101
MPa versus temperature: a, Huddleston et al. (2001);
x, Krummen et al. (2002); m, Fredlake et al. (2004); ©,
Tokuda et al. (2005); ¥, de Azevedo et al. (2005); x,
Jacquemin et al. (2006); @, Tokuda et al. (2006); o,
Troncoso et al. (QUILL sample) (2006); A, Troncoso
et al (Covalent Associates sample) (2006); -,
Jacquemin et al. (2007); ®, Harris et al. (2007); O,
Katsuta et al. (2010); O, Geppert-Rybczynska et al.
(2010); v,Vranes et al. (2012).

The earliest density value of IL in the literature
obtained by Huddleston ef al. (2001) at 7= 298.15 K
has Ap/p = 0.4729% deviation with our value. This
large deviation was due to the gravimetric analysis
using a pycnometer in the study.

The next thirteen measured density values in the
wide range of temperature 7' = (293.15 to 353.15) K
at ambient pressure, published by Krummen et al.,
(2002) were also compared with our values. The
average deviation of these is Ap/p = + 0.0395%. These
literature values are slightly higher than our values.
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The average deviation of five density values of
Fredlake et al. (2004) from our values is Ap/p =
+0.1156%. These literature values are higher than
our values due to the fact that the observed deviation
was a result of gravimetric analysis using a py-
conometer in the study similar to Huddleston et al.
(2001). The maximum deviation of these values is
Aplp=0.1732% at T=304.15 K.

The six density results for IL of Tokuda et al.
(2005) are also higher than our values, with an
average deviation of Ap/p = +0.2042%.

Azevedo et al. (2005) provided the seven density
results of [BMIM][NTF,], which have Ap/p = 0.0226%
average deviation from our measured results. These
values are higher than ours, except the last value at
T = 328.15 K. The maximum deviation is Ap/p =
+0.0356% at 7= 308.09 K.

The nine values of Jacquemin et al. (2006) have
Aplp = £0.0530% average deviation from our results
and these values are higher than ours, except the
value at 7= 342.72 K. The maximum deviation of this
comparison is Ap/p = 0.0951% at 7'=292.88 K.

The other six values of Tokuda et al. (2006) have
Aplp = £0.0309% average deviation with our experi-
mental values. The values are mostly smaller than
our density results. The maximum uncertainty of
results is Ap/p =-0.0943% at T=313.15 K.

The twelve density results of the QUILL sample
[BMIM][NTF,] used by Troncoso et al. (2006) have
Aplp = £0.1913% average deviation and they are
smaller than our values. The comparison of the other
[BMIM][NTF,] sample from Covalent Associates
also used used by Troncoso et al., (2006) showed
Aplp = 0.0769% average deviation and they are also
smaller than our values with a maximum deviation of
Aplp =-0.0966% at T'=333.15 K.

Jacquemin et al. (2007) presented ten density
values at ambient pressure and various temperatures,
which have Ap/p = £0.0516% average deviation and
these values are higher than our measured values. The
maximum deviation is Ap/p = 0.0726% at T'=293.49 K.

The sixteen values of Harris et al. (2007) have
Aplp = +£0.0168% average deviation with our values.
These literature results are in good agreement with our
values at the all measured temperatures. The maximum
deviation is Ap/p = 0.0303% at 7= 333.15 K.

The comparison of fourteen density results of
Katsuta et al. (2010) with our results showed Ap/p =
+0.0830% average deviation. These values are mostly
higher than our values with a maximum deviation of
Aplp=0.1215% at T=297.10 K.

The four density results of Geppert-Rybczynska
et al. (2010) are compared with our density results

and an average deviation of Ap/p = +0.0087% is
obtained.

The thirteen density values of Vranes et al. (2012)
have Ap/p = £0.2809% average deviation with our
experimental values. These values are smaller than our
results with a minimal Ap/p = -0.4850% deviation at
T=353.15K.

There are two (p,p,T) literature investigations
(Azevedo et al., 2005; Jacquemin et al., 2007) of
[BMIM][NT®]:

= The 168 density values of de Azevedo et al.
(2005) are mostly smaller than our values with an
Aplp = £0.0507% average deviation. The minimum
deviation of these literature values is Ap/p = -0.1182%
at 7=328.20 K and p = 46.80 MPa (Figure 9).

= The 36 density results of Jacquemin et al.
(2007) at high pressures and various temperatures
are compared with our results. These results have
positive and negative deviation from our results (Fi-
gure 4) with a Ap/p = +£0.0325% average deviation.
The maximum deviation of these at 7 = 414.92 K
and p = 1 MPa is Ap/p = 0.079%.
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Figure 4: Plot of deviation of experimental pey, and
literature p., densities of [BMIM][NT,] at various
temperatures versus pressure p/MPa: ¢, de Azevedo
et al., (2005); a, Jacquemin et al., (2007).

Various heat capacity values at constant ambient
pressure c,(po,T) are available in the literature
(Krummen et al., 2002; Fredlake et al., 2004;
Tokuda et al., 2006; Troncoso et al., 2006; Shimizu
et al., 2007; Ge et al., 2008; Blokhin et al., 2008;
Katsuta et al., 2010). Our results are in good agree-
ment with the values from Tokuda et al. (2006),
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Shimizu et al. (2007) and Ge et al. (2008). The de-
viations from the literature values are presented in
Figure 5.
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Figure 5: Plot of deviation of literature heat capaci-
ties c,(po, /Ikg" K" values of [BMIM][NTf,] at
constant ambient pressure from our measured values
versus temperature: A, Ge et al. (2008); m, Blokhin
et al. (2008); &, Fredlake et al. (2004); A, Holbrey et
al. (2003); <, Shimizu et al. (2007); o, Troncoso
(QUILL) (2006); *, Troncoso (Covalent Associates)
(2006).

The 10 heat capacity values at constant ambient
pressure c,(po,7) of the QUILL sample [BMIM]
[NTF,] used by Troncoso et al. (2006) have Ac,/c, =
0.13% average deviation and they are higher than
our values. The comparison of the other 10 heat ca-
pacity values at constant ambient pressure c,(po,7)
for the [BMIM][NTF,] sample from Covalent Asso-
ciates also used by Troncoso e al. (2006) showed
Ac,/c, = £0.08% average deviation. These values are
higher than our values at lower temperatures and,
after T = 298.15 K, the literature values are smaller
than our values. The maximum deviation of this com-
parison is Ac,/c, = 0.36% at T = 283.15 K for the
QUILL sample.

The 12 heat capacity values at constant ambient
pressure c,(po, T) presented by Shimizu et al. (2007)
have Ac,c, = £0.18% average deviation from our
results. We used all the literature values at the tem-
peratures 7 = (250 to 300) K for the comparison.
These values are higher than our values at lower
temperatures and, after 7= 280 K, the literature val-
ues are smaller than our values. These experimental
values show good agreement with our extrapolated
values for all of the temperature intervals and the
maximum deviation of this comparison is Ac,/c, =
0.46% at T=250 K.

The experimental values of Blokhin et al. (2008)
after T = 190 K were compared to our extrapolated
values and the result of this comparison shows good

agreement with an average deviation of Ac,/c, =
1.34%.

The thirty eight high pressure speed of sound val-
ues of de Azevedo et al. (2005) were compared with
our results. The average deviation of these compari-
son was Au/u =+0.9808%. The maximum deviation of
these literature values is Au/u =2.3129% at 7= 283.15
K and p =79.70 MPa.

The internal pressure decreases with increasing
pressure for the temperatures between 273.15 to
313.15 K, and increases for the temperatures above
333.15 K. This interesting behaviour can be ex-
plained by the resultant forces under low-pressure
conditions that are attractive and, as the pressure
increases, the repulsive forces become dominant at
low temperatures for the IL. It is also observed that
P increases with respect to temperature at fixed
pressure for p > 60 MPa for the IL. On the other
hand, the internal pressure decreases with increase in
temperature for normal liquids due to the fact that
the increase in temperature only affects the coordi-
nation number, while the intermolecular distances
within the liquid molecules remain unchanged
(Fedorov and Stashulenok, 1981). This behavior
might be related to the self-associated structure of
the IL of the cationic part, or inherent structural het-
erogeneities of the polar and non-polar groups of the
IL (Lopes and Padua, 2006).

CONCLUSION

The main objective of the present work is to report
(p,p,T) measurements of 1-butyl-3-methylimidazolium
bis(triflluoromethylsulfonyl)imide [BMIM][NTf;] at
T = (273.15 to 413.15) K and pressures up to p = 140
MPa. The constructed empirical equation of state can
be used to calculate various thermal and caloric
parameters.

All density values from the literature have been
compared with our results and show good agreement.

NOMENCLATURE
Symbols
p Absolute pressure
T Absolute temperature
Cp Isobaric heat capacity
¢y Isochoric heat capacity
u speed of sound
Dint Internal pressure
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U Internal energy
14 Volume
APD Average Percent Deviations

Greek Letters

p Density

n Viscosity

Kr Isothermal compressibility

% Isobaric thermal
expansibility

Y Thermal pressure coefficient
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