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ABSTRACT: Densities, p, and speeds of sound, u, of the solutions of the room
temperature ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate [bmim][BF,] in
ethylene glycol monomethyl ether (EGMME), diethylene glycol monomethyl ether (di-
EGMME), and triethylene glycol monomethyl ether (tri-EGMME) have been measured
over the whole composition range at T = (288.15 to 318.15) K. The density values have
been used to calculate excess molar volumes, VE, whereas speeds of sound results were
used to calculate excess isentropic compressibilities, K,,. Excess properties are fitted to
the Redlich—Kister polynomial equation to obtain the binary coefficients and the
standard errors. The data obtained were analyzed to determine the effect of (i)
temperature and (ii) the alkyl chain length of the alkoxyalkanols. Also, these results have
been interpreted in terms of molecular interactions occurring in the binary mixtures of

7510 m*mol

the present study.
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B INTRODUCTION

Room temperature ionic liquids (RTILs) are salts that are
liquids at or near room temperature and are excellent solvents
for both polar and nonpolar organic substances. They exhibit
many interesting properties such as a negligible vapor pressure,
low melting point, suitable viscosity, and stability up to high
temperature. Due to their nonvolatile, nonflammable, thermally
stable, and recyclable nature and favorable solvation properties,
RTILs have been suggested as potentially green replacements
for conventional volatile organic solvents, and hence these have
been the focus of many scientific investigations.'>° Despite
their importance and interest, detailed knowledge of the
thermodynamic behavior of the mixtures of ionic liquids (ILs)
with organic solvents, which is of immense importance for the
design of any technological processes, is still limited. On the
other hand, alkoxyalkanols which are amphiphilic organic
solvents have been used in many chemical processes. To
understand the mixing behavior and provide accurate
physicochemical data for various industrial applications,
thermodynamic studies on the binary mixtures of RTILs in
the organic solvents are of great importance. Further, the
addition of a cosolvent can improve the properties of ILs for
their effective use in various chemical processes. In recent years,
a number of workers have determined the various thermody-
namic properties of binary mixtures of ILs in organic
solvents;”' 7>®  1-butyl-3-methylimidazolium tetrafluoroborate
[bmim][BF,] was selected for this study. It is the most
commonly used IL for which some physicochemical properties
with other organic solvents have been studied. Its density,
speed of sound, and heat capacity in organic solvents,”’ >’
volumetric and viscosity study in organic solvents,® and
thermophysical properties in organic solvents®"*> have been
reported. Volumetric properties of binary liquid mixtures
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containing alkoxyalkanols have also been studied to understand
the nature and extent of various intermolecular interactions
present in mixtures.>?

In present work, we report density and speed of sound
measurements on the mixture of 1-butyl-3-methylimidazolium
tetrafluoroborate [bmim][BF,] with ethylene glycol mono-
methyl ether (EGMME), diethylene glycol monomethyl ether
(di-EGMME), and triethylene glycol monomethyl (tri-
EGMME) ether at temperatures T = (288.15 to 318.15) K.
The excess molar volume, V&, and isentropic compressibilities,
K", were reported for every system investigated. The results
are discussed in terms of the molecular interactions between
the IL and the alkoxyalkanols. Also, the composition and
temperature dependence of the excess molar properties with an
increase in the alkyl chain length of the alkoxyalkanols have
been analyzed.

B EXPERIMENTAL SECTION

Materials. The IL, 1-butyl-3-methylimidazolium tetrafluor-
oborate (>98.0 mol %), was purchased from Merck—
Schuchardt. The IL was dried and degassed under vacuum at
60 °C for few days to remove moisture. A Karl—Fischer analysis
of the samples indicated that the water content was reduced to
less than 100 ppm. Analytical grade ethylene glycol
monomethyl ether (EGMME) from SD Fine Chemicals,
diethylene glycol monomethyl ether (di-EGMME) (>98 mol
%) from Merck—Schuchardt, and triethylene glycol mono-
methyl ether (tri-EGMME) (>97 mol %) for GC from Fluka
were obtained. All of the organic liquids were used after drying
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Table 1. Experimental Densities p*, Speeds of Sound u*, and Isobaric Heat Capacities C,,, of Pure Components

p*- 10_3/kg~m_3

w*/m-s! C,

pm
component T/K exptl. lit. exptl. lit. J K mol™
[bmim][BF,] 288.15 1.206508 1589 1591.1%% 360.2%
293.15 1.202952 1.2046%* 1577 1578.0% 362.5%
1.19571°°
298.15 1.199387 1.19207% 1565 1565.1% 364.8%
1.19%
303.15 1.195818 1.1984%* 1554 1555.5% 367.2%°
1.18837%° 1552.6%
308.15 1.192266 1.1954% 1542 1543.9% 369.5%
1.18472% 1540.3%¢
313.15 1.188723 1.1922% 1531 1532.5%% 371.9%
1.18143% 1528.5%
318.15 1.185171 1.1890% 1520 1521.2%8 374.3%
1.19%7 1516.5%
EGMME 288.15 0.969794 0.96926* 1380 173.68°
293.15 0.965063 0.96458* 1367 175.04%
298.15 0.960447 0.96024*" 1351 176.40%
0.960978*
303.15 0.955825 0.95545*" 1337 177.76*
308.15 0.951214 0.95129* 1321 179.12°
313.15 0.946562 1304 180.48
318.15 0.941864 1287 181.84°
di-EGMME 288.15 1.024599 1451 268.38%
293.15 1.020202 1.0196* 1434 1432.37Y 269.74%
298.15 1.015787 1.0154* 1416 1415.98% 271.10*
1.01591% 1415.21%
303.15 1.011360 1.0112* 1399 1397.93% 272.46°
308.15 1.006918 1.0065* 1382 273.82°%
313.15 1.002467 1.0022* 1366 275.18%
318.15 0.998009 1349 276.54%
tri-EGMME 288.15 1.050097 1470 355287
293.15 1.045749 1.0476% 1452 356.64°
298.15 1.041315 1.0414%° 1436 358.0%"
303.15 1.036842 1.0387% 1421 359.36
308.15 1.032267 1.03262°% 1408 360.72°
313.15 1.027763 1.02908%* 1393 362.08%
318.15 1.023296 1376 363.44°

“By the group additive method.

over the 0.4 nm molecular sieves and under vacuum at ambient
conditions. The purity of the compounds was also monitored
by a comparison of density and speed of sound measurements
with the literature data®®**~>* as shown in Table 1.

Density and Speed of Sound Measurements. The
densities and speeds of sound of the pure liquids and their
binary mixtures were measured with an Anton Paar (model
DSA 5000) vibrating-tube densimeter. Both the speed of sound
and the density are extremely sensitive to temperature, so it was
controlled to + 1-107% K by a built-in solid state thermostat.
Before each series of measurements, the densimeter was
calibrated with doubly distilled, degassed water and with dry air
at atmospheric pressure. The reproducibility of the instrument
corresponded to a precision in density and speed of sound
measurements of 1:107° kg'm™ and 1-107> m-s™'. The
uncertainty of the density and speed of sound estimates was
found to be within + 5-107 kg'm ™ and lower than + 2 m-s™,
respectively. The reproducibility of the results was confirmed
by performing the measurements in triplicate.

The mixtures were prepared by mass and were kept in
airtight stoppered glass bottles to minimize the absorption of
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atmospheric moisture and CO,. Binary mixtures were prepared
by mass, using an A&D Co. limited electronic balance (Japan,
model GR-202) with a precision of + 0.01 mg. The probable
error in the mole fraction was estimated to be less than +
1-107* All molar quantities were based on the International
Union of Pure and Applied Chemistry (IUPAC) relative atomic
mass table.>

B RESULTS AND DISCUSSION

Experimental density, p, and speed of sound, u, results of binary
mixtures of 1-butyl-3-methylimidazolium tetrafluoroborate +
alkoxyalkanols as a function of mole fraction, x, of 1-butyl-3-
methylimidazolium tetrafluoroborate (0 < x; < 1) at different
temperatures are listed in Table 2.

The excess molar volumes, VE, were calculated by using the
following equation

-1 —1
= Z M(p™ = p )
i=1

VE

(1)
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Table 2. Density, p, and Speed of Sound, u, of [bmim][BF,] (1) + EGMME (2), Di-EGMME (2), or Tri-EGMME (2) at

Different Temperatures

T/K = 288.15 T/K = 293.15 T/K = 298.15 T/K = 303.15 T/K = 308.15 T/K = 313.15 T/K = 318.15
p1073 u p1073 u p107° u p107° u p107° u p1073 u p-1073 u
X kg'm™> m-s~! kg:m™> m-s~! kg:m™> m-s~! kg'm™> m-s~! kg:m™> m-s~! kg:m™ m-s~! kg'm™> m-s~!
[bmim][BF,] (1) + EGMME (2)
0.0509 1.000596 1411 0.996158 1394 0.991715 1378 0.987145 1361 0.982765 1344 0.978381 1328 0.973683 1311
0.1092 1.030064 1438 1.025737 1422 1.021410 1406 1.017071 1391 1.012723 1375 1.008485 1359 1.004012 1343
0.2052 1.068448 1474 1.064328 1460 1.060084 1446 1.056148 1431 1.051854 1415 1.047681 1400 1.043461 1383
0.3071 1.099906 1500 1.095866 1486 1.09175S 1472 1.087958 1457 1.083794 1443 1.079713 1430 1.075708 141S
0.4025 1.123356 1521 1.119424 1508 1.115423 1494 1.111592 1480 1.107663 1467 1.103682 1453 1.099790 1440
0.5116 1.145198 1539 1.141378 1527 1.137545 1514 1.133655 1501 1.129902 1488 1.126044 1475 1.122250 1461
0.6257 1.164110 1583 1.160347 1542 1.156586 1530 1.152840 1517 1.149096 1505 1.145367 1492 1.141633 1479
0.7153 1.176883 1565 1.173169 1554 1.169467 1542 1.165771 1530 1.162087 1517 1.158411 1505 1.154739 1492
0.8088 1.188610 1574 1.184963 1563 1.181307 1551 1.177657 1539 1.174007 1526 1.170376 1514 1.166724 1502
0.91SS 1.199861 1582 1.196253 1571 1.192640 1560 1.189035 1548 1.185433 1536 1.181838 1525 1.178227 1513
[bmim][BF,] (1) + Di-EGMME (2)
0.0308 1.035125 1461 1.030688 1445 1.026512 1428 1.022021 1411 1.017503 1395 1.013137 1378 1.008896 1362
0.1053 1.059035 1490 1.054733 1473 1.050613 1457 1.046355 1441 1.042003 1425 1.037685 1409 1.033445 1393
0.2065 1.086982 1514 1.082851 1499 1.078494 1483 1.074577 1468 1.070558 1453 1.066486 1437 1.062001 1422
0.3137 1.110842 1533 1.106708 1517 1.102508 1503 1.098601 1489 1.094685 1474 1.090915 1460 1.086381 1447
0.4002 1.126769 1544 1.122558 1531 1.118579 1518 1.114549 1504 1.110652 1490 1.107008 1477 1.102747 1464
0.5035 1.143125 1559 1.138991 1546 1.135225 1533 1.131183 1519 1.127295 1506 1.123645 1493 1.119786 1480
0.6083 1.158137 1568 1.154165 1558 1.150519 1543 1.146730 1530 1.142953 1517 1.139191 1508 1.135506 1494
0.7023 1.170822 1575 1.167068 1563 1.163463 1551 1.160076 1539 1.156362 1526 1.152492 1514 1.148843 1503
0.8291 1.187123 1580 1.183253 1572 1.179998 1560 1.176923 1546 1.173243 1534 1.169381 1523 1.165676 1512
0.9381 1.199908 1583 1.196014 1574 1.192920 1563 1.189623 1552 1.185913 1540 1.182201 1529 1.178569 1519
[bmim][BF,] (1) + Tri-EGMME (2)

0.0240 1.056872 1484 1.052518 1466 1.048151 1450 1.043758 143S 1.039370 1421 1.034901 1406 1.030535 1390
0.1070 1.076656 1510 1.072568 1492 1.068364 1475 1.064168 1458 1.060132 1444 1.055734 1431 1.051512 1415
0.2241 1.099666 1541 1.095948 1519 1.091873 1503 1.087794 1488 1.083757 1475 1.079586 1461 1.075427 1447
0.3275 1.118288 1585 1.114498 1539 1.110478 1524 1.106458 1509 1.102438 1494 1.098413 1483 1.094374 1468
0.4285 1.135349 1564 1.131412 1550 1.127421 1533 1.123478 1519 1.119544 1507 1.115625 1493 1.111735 1480
0.5067 1.147584 1570 1.143602 1555 1.139641 1541 1.135768 1528 1.131914 1516 1.128038 1503 1.124254 1490
0.6282 1.164468 157§ 1.160738 1561 1.156883 1548 1.153121 1534 1.149372 1523 1.145628 1511 1.141801 1500
0.7072 1.174318 1581 1.170785 1568 1.166998 1558 1.163333 1543 1.159631 1530 1.155929 1518 1.151998 1506
0.8256 1.188107 1584 1.184682 1572 1.181027 1560 1.177388 1548 1.173678 1536 1.170128 1524 1.166141 1513
0.9130 1.197842 1585 1.194256 1573 1.190695 1560 1.186998 1549 1.183357 1538 1.179904 1527 1.175997 1516

where p is the density and x; and M; are the mole fraction and
molar mass of component i in the mixture, respectively.

The isentropic compressibility, ks, and the molar isentropic
compressibility, K, have been calculated from the relations

2\—-1 2\—-1
kg = (p-u”) " = V(M-u”) @)
2
Kg,m = —(0V/dp)s = Voxg = ), xM;/(p-u) ()
where V is the molar volume.
The excess molar quantities were calculated from
E id
KS,m = KS,m - é,m 4)
where:
id
K§'m = > x%[Kg i* — TAp i*{( > xAp i/ > %Cp i*)

— (Ap*/Cp *)}] (3)

where p and p* are the density of the mixture and the density
of the pure components and x; and M; are the mole fraction and
molar mass of component i in the mixture, respectively. The
Ap*, is the product of the molar volume, V¥, and the isobaric
expansivity, ap;*, Cp,*, is the isobaric molar heat capacity, Kg*,

the product of the molar volume, V*, and the isentropic
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compressibility, ks;* and T is the temperature. The isobaric
expansivity (ap;*) of IL and alkoxyalkanols was calculated from
density data as given in Table 1.

The calculated values of V¥ and Kg,, of the binary mixtures,
at each investigated temperature, were fitted to a Redlich—
Kister type polynomial equation:

e .
Y™ =xpx Z ai(x) = x,)'
i=0

(6)

The values of coefficients g; for all of the mixtures are listed in
Table 3, along with the standard deviation, 6(Y*), calculated
using the relation

oY) = [ Y (Yepu — Yo/ (o — w12 )

where p is the total number of experimental points and 7 is the
number of parameters. Y* stands for V* or Kg,,. Results on V*
and K¢, are shown graphically in Figures 1 to 6.

For all mixtures, V¥ is negative over the whole mole fraction
range and at all temperatures. Figures 1 to 6 show the values of
the excess molar volume and excess molar isentropic
compressibility. The negative V* indicates that a more efficient
packing or attractive interaction occurred between the IL and
the amphiphile molecules which results in a contraction in
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Table 3. Redlich—Kister Coefficients, a, and Standard Deviations, 6(Y*) (eq 6) for the Binary Mixtures at Different

Temperatures
T/K ag a, a, a; a o
[bmim][BE,] (1) + EGMME (2)
VE.10°/m* mol ™! 288.15 —3.002 1.809 —2.171 —0.707 —1.559 0.003
293.15 —-3.097 1.875 —2.188 —0.579 —-1.729 0.002
298.15 —3.169 1.843 -2.107 —0.398 —1.942 0.003
303.15 —3.245 2.080 —2.688 —0.658 —1.113 0.003
308.15 —-3.350 2.029 -2297 —0.455 —1.762 0.003
313.15 —3.424 1.966 —2.338 —0.161 —1.939 0.003
318.15 —-3.536 2.103 —2.438 —0.290 —1.636 0.003
K§,,/mm*mol-MPa™! 288.15 —12.049 7.695 —8.010 4.371 0.073
293.15 —12.730 7.630 —7.243 2.048 0.072
298.15 —13.456 8.478 —7.955 0.085
303.15 —13.982 8.390 —7.510 0.128
308.15 —14.861 8.765 —6.224 0.128
313.15 —15.799 9.595 —7.225 0.112
318.15 —16.662 10.311 —6.691 0.104
[bmim][BF,] (1) + Di-EGMME (2)
VE10¢/m3 mol™! 288.15 —3.270 5.503 —2.966 —3.213 2.129 0.003
293.15 -3.181 5.442 —3.906 —2.589 3.960 0.003
298.15 —3.309 5.289 —3.056 —2.982 1.383 0.003
303.15 —3.282 5.296 —4.987 —3.677 3.178 0.003
308.15 —3.345 5.455 —5.628 —3.756 4483 0.003
313.15 —3.542 5.864 —4.978 —4.033 4.118 0.003
318.15 —3.604 5.303 —4.161 —2.837 2752 0.002
K¢,,/mm*mol™"-MPa™! 288.15 —13.023 8.058 —8.268 5.966 7.869 0.130
293.15 —13.985 8.425 —6.311 2914 0.128
298.15 —15.061 9.412 —6.922 0.104
303.15 —15.936 10.024 —7.676 0.104
308.15 —16.891 9.968 —7.914 2438 0.101
313.15 —18.167 11.232 —7.814 0.095
318.15 —19.448 10.745 —8.450 1.972 0.086
[bmim][BF,] (1) + Tri-EGMME (2)
VE.10%/m* mol ™ 288.15 —6.723 1.169 1.950 3.563 —6.732 0.003
293.15 —6.763 1.292 0.119 3.552 —4.416 0.001
298.15 —6.841 1417 —0.124 3.510 —4.447 0.001
303.15 —6.981 1.379 —0.416 3.949 —4.142 0.002
308.15 —7.164 1.364 —0.403 4726 —4.740 0.003
313.15 —-7.325 1.468 —0.417 4371 —4.922 0.002
318.15 —-7.511 1.574 0.371 5.020 —5.600 0.002
K§/mm*mol ' -MPa™" 288.15 —19.586 11.362 —9.081 8.166 0.188
293.15 —20.547 10.990 —8.052 7.184 0.238
298.15 —21.258 10.601 —8.428 8.728 0.261
303.15 —22.101 11.100 —8.269 6.871 0.307
308.15 —22.978 11.073 —7.790 7.163 0251
313.15 —24.066 12.143 —-9.135 6.957 0.250
318.15 —25.630 12.318 —9.605 9.091 0.261

volume. As temperature increases, V¥ decreases for all of the
systems. For the investigated systems at any particular
temperature, the V¥ values decrease in the order: EGMME<
di-EGMME< tri-EGMME. The minimum in V* shifts from x, =
0.30 for EGMME to x; = 040 for tri-EGMME. In fact, we
observe similar characteristics for V* as in the mixture of
[bmim][PF4] with di-EGMME®>* but with a marked decrease in
the values of V* at lower temperatures here. Further, this
behavior may be compared with the results for [bmim][BF,]
with ethylene glycol (EG):>° a large negative value of V¥ for
alkoxyethanol is evident here, and the behavior is indifferent
from EG. Figures 1 to 3 show that V¥ decreases with the
increase of the polar group of EGMME. That is, the strength of
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the interaction increases due to increased molecular weight and
size of the alkoxyethanol molecules.

For all of the mixtures studied, K¢, (Figures 4 to 6) is
negative over the entire range of composition and at all of the
temperatures and shows a minimum in the sequence EGMME
< di-EGMME < tri-EGMME. Also, the curves are symmetrical,
the position of the minimum being at x; > 02. As the
concentrations of the IL increase and large portions of the
solvent alkoxyethanol molecules are solvated, the amount of
bulk solvent decreases, causing a decrease in the compressi-
bility. The negative K, values of IL in alkoxyethanols also
attributed to the strong interactions due to the solvation of the
ions in these solvents. Negative values of Kgm mean that the
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Figure 1. Excess molar volume (V*) measured over the entire range of
composition for the binary mixture of [bmim][BF,] (1) with EGMME
at W, 288.15 K; @, 293.15 K; A, 298.15 K; ¥, 303.15 K; 4, 308.15 K;
<4 31315 K p, 318.15 K
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Figure 2. Excess molar volume (V¥) measured over the entire range of
composition for the binary mixture of [bmim][BF,] (1) with di-
EGMME at W, 288.15 K; @, 293.15 K; A, 298.15K; ¥, 303.15 K; 4,
308.15 K; <, 313.15 K; P, 318.15 K.

solvent alkoxyethanol molecules around the IL are less
compressible than the solvent molecules in the bulk solution,
suggesting strong attractive interactions with alkoxyalkanols.
The behavior of excess molar volumes seems to be consistent
with a minimum value of Kg, of [bmim][BF,] with
alkoxyalkanols. The more negative V* and Kg,, values as
shown in Figures 1 to 6 suggest that the interactions between
the unlike molecules are strong and they increase with the
introduction of the OC,H, group in the alkoxyethanol. Further,
the VE and Kf'm values decrease with an increase in

temperature.
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Figure 3. Excess molar volume (V*) measured over the entire range of
composition for the binary mixture of [bmim][BF,] (1) with tri-
EGMME at W, 288.15 K; @, 293.15 K; A, 298.15 K; ¥, 303.15 K; 4,
308.15 K; 4, 313.15 K; }, 318.1S K.
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Figure 4. Excess molar isentropic compressibility (Kg,,) measured
over the entire range of composition for the binary mixture of
[bmim][BF,] (1) with EGMME at W, 288.15 K; @, 293.15 K; A,
298.15 K; 'V, 303.15 K; 4, 308.15 K; <, 313.15 K; P, 318.1S K.

B CONCLUSIONS

New experimental data of density and speed of sound for the
binary mixture of [bmim][BF,] + alkoxyalkanols were
measured over the whole composition range at atmospheric
pressure from (288.15 to 318.15) K, from which the excess
molar volumes V¥ and excess molar isentropic compressibilities
K¢, were calculated and the Redlich—Kister polynomial
equation was applied successfully for the correlation of these
excess properties. The estimated coefficients and standard
deviation values were also presented. It was found that the
excess molar volumes are negative over the whole composition
range. The V* values in these mixtures become more negative
with the introduction of the OC,H, group in the alkoxyalkanol
molecule and are in the order EGMME > di-EGMME > tri-
EGMME. It suggests very strong specific [bmim][BF,]—
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Figure 5. Excess molar isentropic compressibility (Ks,,) measured
over the entire range of composition for the binary mixture of
[bmim][BE,] (1) with i EGMME at W, 288.15 K; @, 293.15 K; A,
298.15 K; 'V, 303.15 K; 4, 308.15 K; <, 313.15 K; P, 318.15 K.
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Figure 6. Excess molar isentropic compressibility (K,,) measured
over the entire range of composition for the binary mixture of
[bmim][BF,] (1) with tri EGMME at W, 288.15 K; @, 293.15 K; A,
298.15 K; ¥, 303.15 K; 4, 308.15 K; <, 313.15 K; P, 318.15 K.

alkoxyalkanol interaction. K, is also negative over the whole
composition range, and it increases as the increase in the chain
length of alkoxyalkanol. The negative Kg,, of [bmim][BF,]
with alkoxyalkanols was also attributed to the strong attractive
interactions due to the solvation of the ions in the solvents.
Both V* and Kg,, increase with the increase in temperature for

all the mixtures.
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