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Abstract The densities, p1,, and speeds of sound, u;,, of 1-ethyl-3-methylimidazolium
tetrafluoroborate (1) + N-methylformamide or N,N-dimethylformamide (2) binary mix-
tures at (293.15. 298.15. 303.15, 308.15 K), and excess molar enthalpies, HFZ, of the same
mixtures at 298.15 K have been measured over the entire mole fraction range using a
density and sound analyzer (Anton Paar DSA-5000) and a 2-drop microcalorimeter,
respectively. Excess molar volume, VE, and excess isentropic compressibility, (KE)D,
values have been calculated by utilizing the measured density and speed of sound data. The
observed data have been analyzed in terms of: (i) Graph theory and (ii) the Prigogine—
Flory—Patterson theory. Analysis of the VE data in terms of Graph theory suggest that:
(i) in pure 1-ethyl-3-methylimidazolium tetrafluoroborate, the tetrafluoroborate anion is
positioned over the imidazoliun ring and there are interactions between the hydrogen atom
of (C—H{edge}) and proton of the —CHj3 group (imidazolium ring) with fluorine atoms of
tetrafluoroborate anion, and (ii) (1 + 2) mixtures are characterized by ion—dipole inter-
actions to form a 1:1 molecular complex. Further, the VFZ, HFZ and (KE) values deter-

12
mined from Graph theory compare well with their measured experimental data.

Keywords Excess molar volumes V* - Excess molar enthalpies H™ - Excess isentropic
compressibilities KE - Connectivity parameter of third degree of a molecule 3¢ . Interaction
parameter y

1 Introduction

The increasing interest in ionic liquids has lead to research activities concerning ther-
modynamics and thermophysical properties of ionic liquid mixtures. Ionic liquids are
comprised of a large organic cation and an inorganic polyatomic anion. In recent years they
have also been considered as designer solvents as their physical properties can be tuned by
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careful selection of the anion or cation. They are widely used in many industrial processes
such as organic synthesis, electrochemistry, separation processes, multiphase separation,
etc. [1-4]. The physical and thermodynamic properties of an ionic liquid depend mostly on
the nature and size of both their cation and anion constituents [5-7]. The chemical com-
plexity of the cation and anion involved in the liquid structure also exhibit a challenge for
theoreticians to understand thermodynamic properties of ionic liquids mixtures on the basis
of molecular interactions. However, in spite of their practical importance, there is a con-
siderable lack of data on thermodynamic properties [8—10] like V¥, H* and K& of ionic
liquid mixtures.

We are unaware of any Vf,, Hf, and («§) , data of our studied mixtures with which the
experimental data can be compared.

The topology of a molecule is described by vertices (atoms) and edges (bonds),
called the molecular graph of a molecule, which in turn provides the total information
contained in a molecule. Topological indices are a powerful tool [11-15] for predicting
physical and thermodynamic properties, biological activities, pharmacological and
toxicological properties of liquids and their mixtures. Such indices are derived from the
molecular structure without any experimental input. In recent studies [16-20], we have
employed Graph theory (which deals with the topology of a molecule) successfully to
determine VE, H, excess Gibbs energy G*, and k% of binary and ternary organic liquid
mixtures. It will be of interest to see how Graph theory describes the thermodynamic
properties of ionic liquid mixtures. A literature survey has revealed thermodynamic data
have not been reported for 1-ethyl-3-methylimidazolium tetrafluoroborate (1) + N-
methyl formamide or N,N-dimethyl formamide (2) mixtures. Consequently, we report
here new p and u data of 1-ethyl-3-methylimidazolium tetrafluoroborate (1) 4+ N-methyl
formamide or N,N-dimethyl formamide (2) mixtures at (293.15, 298.15, 303.15 and
308.15) K and H® data of the same mixtures at 298.15 K over entire composition
range.

2 Experimental

1-Ethyl-3-methylimidazolium tetrafluoroborate [emim][BF,] (Fluka, 0.98 GC) was used
without further purification. The water content in this ionic liquid was regularly checked
using Karl Fischer titrations [21] and the content of water was observed to be 350 ppm. N-
methylformamide (NMF) (Fluka, >0.98 GC) was shaken with sodium hydroxide pellets
and barium oxide for at least 4 h, filtered, and the filtrate was distilled under reduced
pressure. The middle fraction was collected and stored in small bottles over anhydrous
calcium chloride in a dessicator [22]. N,N-dimethylformamide (DMF) (Fluka, >0.98 GC)
was distilled with benzene at atmospheric pressure and the water—benzene azeotrope was
collected (which distills between 70 and 75 °C); the residual solution was shaken with
powdered barium oxide, filtered and distilled under nitrogen at reduced pressure [23]. The
purities of the purified liquids were checked by measuring their density and speed of sound
values. The p and u values for the purified liquids (recorded in Table 1) compare well with
their corresponding literature values [22, 24-32].

The p and u values of the pure liquids and their binary mixtures were measured at the
desired temperatures using a density and sound analyzer (Anton Paar DSA 5000) in the
manner described elsewhere [33, 34]. The apparatus was calibrated with double distilled,
deionized and degassed water. The mole fraction of each mixture was determined from the

@ Springer



802 J Solution Chem (2013) 42:800-822

Table 1 Comparison of densities, p, speeds of sound, u, and heat capacities, C,, of pure liquids with their
literature values at 7 = (293.15, 298.15, 303.15, 308.15) K

Liquids T/K plkgm™> w/m-s™! C,/
JK "mol™!
Expt. Lit. Expt. Lit.
1-Ethyl-3-methyl 293.15 1283.89  1284.30 [24]  1631.05 - 303.2 [37]
imidazolium tetrafluoro 208.15 127991  1279.60 [25]  1619.40 - 304.9 [37]
borate 1280.07 [26]
303.15 127626 1276.50 [24]  1607.63 - 306.6 [37]
1275.70 [25]
308.15 1272.07 127190 [25]  1596.31 - 308.4 [37]
1272.48 [26]
N-Methyl formamide 293.15 1003.35 - 1446.37 -
298.15  999.007  999.00 [27]  1431.89 1431.5[32] 124.0 [38]
999.06 [28]
303.15  994.656 - 1417.68 - 125.1
308.15  990.305 - 1402.59 - 126.2
N,N-Dimethyl formamide ~ 293.15  948.735  944.50 [29]  1477.81 - 147.1 [29]
949.17 [29]
298.15 944.608 944.60 [28]  1458.59 1458.5[32] 148.3 [22]
303.15  939.839  939.376 [30] 1440.32 - 150.2 [39]
940.691 [31]
308.15 935.054  934.402 [30] 1420.95 - 152.3 [39]
935.814 [31]

measured apparent masses of the components. All of the measurements were performed on
an electronic balance. The uncertainties in mole fraction are 1 x 10~ The uncertainties in
the density and speed of sound measurements are 2 x 107> kg-m™> and 0.1 m-s™'
respectively. The uncertainty in V* values predicted from density results is 0.1 %. Also, the
uncertainty in the temperature measurement is £0.01 K.

Values of HE for the studied mixtures were measured with a 2-drop calorimeter (model,
4600) supplied by the Calorimeter Sciences Corporation (CSC), USA, at 298.15 K. The
2-drop calorimeter consists of a reaction vessel, a rapidly responding thermoelectric device
(TED) as the heat measuring sensor, an electric heater for calibration, and a burette system
for titrant addition. The heat flow between the reaction vessel and the constant temperature
block was detected by the TED sensor, amplified, and then converted from an analogue
signal to a digital signal in the data collection system. The temperature of the constant
temperature block was actively controlled using the block control TEDs. The amounts of
liquids in the micro syringe and vial (in CSA 2-Drop Calorimeter) for enthalpy mea-
surements were determined by weight and the uncertainty in mole fraction in enthalpy
measurement is 1 x 10™* The H® values of the present mixtures were measured in the
manner described elsewhere [35]. The uncertainties in the measured H- values are 1 %.

The equimolar liquid mixtures were prepared by mixing (1) and (2) components in a 1:1
(mol/mol) ratio. Spectra of the samples were recorded by a Perkin Elmer Spectrum RX-1,
FTIR spectrometer.
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3 Results

The experimental values of p, and u;, of [emim][BF,] with NMF or DMF at (293.15,
298.15, 303.15 and 308.15) K, and HE, at 298.15 K, over the entire range of composition
at atmospheric pressure are presented, respectively, in Tables 2 and 3. The VFZ and
(KS) |, values for the studied mixtures were determined from density and speed of sound
values using:

12 = ZXM P12)”

(Ks5) 1= (Plz"‘%z)_l (2)

where x; M; and p; are the mole fraction, molar mass and density of [emim][BF,] and p1, is
the density of the (1 + 2) mixture. The (KE) values were then determined by using

(1)

HMI\)

12

K§ = Ks = K (3)

The K_igd values were evaluated by employing the following relation [36]

KS—Z"’[”*TE’ ] (Z) <EM)2 )

=) (g

where ¢; is the volume fraction of component (1). The k,;, v;, o; and C,; are isentropic
compressibility, molar volume, thermal expansion coefficient, and molar heat capacity,
respectively, of the pure component (1). The C, values for the investigated liquids were
taken from the literature [22, 29, 37-39] and are reported in Table 1. While the o values for
[emim][BF,] were predicted by using experimental density data in the manner described
elsewhere [40], those for NMF and DMF were taken from the literature [28]. The (K?)
values for the (1 + 2) mixtures are recorded in Table 2.

The V{EZ,H}:‘2 and (KE)IZ values (plotted in Figs. 1, 2, 3,4, 5, 6, 7, 8, 9) were fitted with
the Redlich—Kister equation, Eq. 5:

12

YE(Y = VorHorkg) = xix[YO + v (2x — 1) + YP(2x; — 1)7] (5)
where Yfg)(n =0—2), etc., are binary adjustable parameters and were determined by
fitting Y& (Y = Vor H or kg) data to Eq. 5 using the least-squares method. The parameters
along w1th their standard deviations, o(YE) (Y = Vor H orks), are listed in Table 4.

4 Discussion
The VFz and (KE)IZ values for the (1 4+ 2) mixtures are negative over the entire compo-

sition range and for the equimolar composition follow the sequence: NMF > DMF.
However, while the HF2 values for the [emim][BF,] (1) + DMF (2) mixtures are negative,
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Table 2 Measured densities, pj,, excess molar volumes, VFZ, speeds of sound, u;,, isentropic compress-
ibilities, (Ks)lz, and excess isentropic compressibilities, (K]S":)u, for the various (1 + 2) mixtures as a
function of mole fraction, x;, of component (1) at 7 = (293.15, 298.15, 303.15, 308.15) K

Xy pio/(kg:m™?) VE/(em®-mol™") up/(ms™") (kg) ,/(TPa™") (KE)IZ/(TPa’])

1-Ethyl-3-methylimidazolium tetrafluoroborate (1) + N-methylformamide (2)

T =293.15K
0.1218 1,084.52 —0.412 1467.7 428.1 —26.0
0.1729 1,110.66 —0.540 1481.1 410.5 —34.2
0.2256 1,133.96 —0.645 1496.7 393.7 —41.3
0.2719 1,151.94 —0.719 1511.5 380.0 —46.5
0.3227 1,169.36 —0.780 1527.6 366.5 -50.7
0.3748 1,185.09 —0.819 1543.5 354.2 —534
0.4251 1,198.57 —0.839 1559.2 343.2 —55.2
0.4709 1,209.60 —0.845 1572.2 3345 —55.5
0.5234 1,220.92 —0.831 1585.5 325.8 —54.5
0.5741 1,230.75 —0.804 1597.9 318.2 —52.8
0.6271 1,239.97 —0.759 1608.1 3119 —49.4
0.6713 1,246.92 —0.706 1616.2 307.0 —46.1
0.7217 1,254.19 —0.637 1622.6 302.8 —41.0
0.7742 1,261.03 —0.549 1628.0 299.2 -35.0
0.8243 1,266.95 —0.449 1631.7 296.5 —28.6
0.8713 1,272.03 —0.346 1633.0 294.8 -21.6
09114 1,276.03 —0.247 1633.3 293.8 —153
0.9339 1,278.15 —0.189 1633.3 293.3 —11.6

T =298.15K
0.1218 1,080.14 —0.411 1453.9 438.0 —27.1
0.1729 1,106.34 —0.543 1467.1 420.0 —-354
0.2256 1,129.78 —0.657 1482.3 402.9 —42.5
0.2719 1,147.84 —0.736 1496.7 388.9 —47.6
0.3227 1,165.33 —0.801 1511.9 3754 —51.4
0.3748 1,181.16 —0.847 1527.8 362.7 —54.2
0.4251 1,194.73 —0.874 1543.2 351.5 —55.9
0.4709 1,205.75 —0.877 1556.2 342.5 —56.1
0.5234 1,217.12 —0.867 1569.5 333.6 —55.1
0.5741 1,226.91 —0.836 1582.3 325.6 —53.4
0.6271 1,236.10 —0.786 1593.0 318.8 —50.1
0.6713 1,243.06 —0.733 1601.7 313.6 —46.9
0.7217 1,250.27 —0.656 1609.0 308.9 —42.0
0.7742 1,257.05 —0.559 1615.8 304.7 —36.2
0.8243 1,262.95 —0.456 1619.5 301.9 —29.5
0.8713 1,268.00 —0.346 1622.1 299.7 —22.7
09114 1,272.00 —0.246 1622.4 298.7 —16.1
0.9339 1,274.11 —0.186 1622.4 298.2 —12.3

T =303.15K
0.1218 1,076.24 —0.437 1439.9 448.1 —28.1
0.1729 1,102.50 —0.572 1453.0 429.6 —36.5
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Table 2 continued

X1 prfkgm™)  VE/em mol)  wp/msT) (k) /(TPaTh) (k) ,/(TPa™h)
0.2256 1,125.95 —0.684 1467.9 412.2 —43.6
0.2719 1,144.03 —0.764 1482.0 398.0 —48.7
0.3227 1,161.54 —0.828 1496.9 384.2 —52.4
0.3748 1,177.36 —0.870 1513.0 371.0 —554
0.4251 1,190.94 —0.895 1527.8 359.7 —56.7
0.4709 1,201.97 —0.898 1540.2 350.7 —56.7
0.5234 1,213.36 —0.886 1554.2 341.2 —55.9
0.5741 1,223.23 —0.859 1567.3 332.8 —54.3
0.6271 1,232.47 —0.811 1579.1 325.4 —51.3
0.6713 1,239.44 —0.757 1587.3 320.2 —47.7
0.7217 1,246.69 —0.682 1595.9 315.0 —43.1
0.7742 1,253.53 —0.588 1603.3 310.3 —374
0.8243 1,259.46 —0.485 1607.8 307.2 —30.6
0.8713 1,264.51 —0.373 1610.8 304.8 —23.7
0.9114 1,268.49 —0.268 1611.3 303.6 —17.0
0.9339 1,270.59 —0.205 1611.3 303.2 —13.0

T =308.15K
0.1218 1,071.89 —0.442 1424.2 460.0 —28.4
0.1729 1,098.22 —0.582 1437.0 440.9 —37.0
0.2256 1,121.76 —0.702 1452.1 422.8 —44.3
0.2719 1,139.86 —0.783 1465.8 408.3 —49.3
0.3227 1,157.45 —0.854 1480.7 394.1 —53.2
0.3748 1,173.34 —0.902 1496.9 380.4 —56.2
0.4251 1,186.90 —0.925 1511.9 368.6 —57.7
0.4709 1,197.98 —0.931 1524.6 359.1 —57.8
0.5234 1,209.37 —-0.919 1539.1 349.1 —57.0
0.5741 1,219.22 —0.891 1552.1 340.5 —55.3
0.6271 1,228.44 —0.840 1565.1 3323 —52.6
0.6713 1,235.39 —0.782 1573.9 326.8 —49.0
0.7217 1,242.62 —0.705 1583.5 321.0 —44.6
0.7742 1,249.42 —0.606 1590.7 316.3 —38.5
0.8243 1,255.30 —0.496 1596.1 312.7 —31.8
0.8713 1,260.32 —0.379 1599.4 310.2 —24.7
0.9114 1,264.28 —0.270 1600.3 308.8 —-17.8
0.9339 1,266.39 —0.206 1600.0 308.5 —13.6

1-Ethyl-3-methylimidazolium tetrafluoroborate (1) 4+ N,N-dimethylformamide (2)

T=293.15K
0.1211 1,032.20 —0.915 1513.1 4232 —36.5
0.1732 1,062.06 —1.209 1529.4 402.6 —47.2
0.2310 1,091.66 —1.474 1546.4 383.1 —55.7
0.2709 1,110.19 —1.622 1558.1 371.0 —60.2
0.3242 1,132.68 —1.770 1572.0 357.3 —63.8
0.3739 1,151.55 —1.858 1582.9 346.6 —65.1

@ Springer



806 J Solution Chem (2013) 42:800-822

Table 2 continued

X1 prfkgm™)  VE/em mol)  wp/msT) (k) /(TPaTh) (k) ,/(TPa™h)
04303 1,170.92 —1.916 1593.8 336.2 —64.7
04742 1,184.50 -1.917 1600.8 329.4 —63.2
05243 1,198.74 —1.891 1607.8 3227 —60.4
05773 121233 —1.817 1612.9 317.1 -56.0
0.6219 122273 —1.722 1615.6 3133 -512
06724 1.233.56 —1.589 1618.1 309.6 —454
07219 1243.17 —1.421 1620.2 306.4 -39.2
0.7725  1252.15 —1.222 1621.4 303.8 -322
0.8283  1.261.17 —0.972 1622.4 301.2 -24.1
0.8743  1.267.94 —0.739 1623.9 299.1 -17.6
09097 127278 —0.544 1625.1 297.5 —124
09319 1275.68 —0.418 1626.2 296.4 -9.3

T=29815K
0.1211  1,028.29 —0.943 1495.6 434.8 -387
01732 1,058.27 —1.251 1512.2 413.2 —49.8
02310 1,087.94 —1.524 1530.8 3923 -59.2
02709  1,106.43 —1.670 1542.1 380.1 —63.5
03242 1,128.95 —1.822 1556.4 365.7 —672
03739 1,147.93 —1.920 1568.1 354.3 —68.7
04303 1,167.23 ~1.971 1579.9 3432 —68.5
04742 1,180.91 —1.982 1586.4 336.5 —66.5
05243 1,195.07 —1.947 1593.5 329.6 —63.4
05773 1.208.67 —1.873 1598.5 323.8 —58.6
06219 1219.13 —1.784 1601.0 320.0 —534
06724 122991 —1.645 1603.9 316.1 —473
07219 1.239.50 —1.473 1605.5 313.0 —40.5
07725 1.248.46 —1.269 1606.7 310.3 -33.1
0.8283  1.257.44 —1.011 1607.9 307.6 —24.6
08743  1.264.14 —0.769 1609.6 305.3 -177
0.9097  1.268.96 ~0.570 1611.5 3034 ~125
09319 127181 —0.436 1612.9 302.3 -9.3

T=30315K
01211 1,023.91 —0.975 1478.4 446.9 —40.7
01732 1,053.99 —1.289 1495.4 4243 -52.3
02310 1,083.75 —1.565 1513.9 402.6 —61.9
02709 1,102.28 —1.712 1526.5 389.3 —66.8
03242 1,124.85 —1.864 1541.3 3742 -70.7
03739 1,143.89 —1.962 1552.6 362.6 -719
04303 1,163.29 -2.017 1564.7 351.1 ~71.6
04742 1,176.93 -2.019 1571.3 344.1 —69.3
05243 1,191.20 —1.989 1577.9 337.2 —65.8
05773 1204.87 -1.916 1583.6 330.9 —60.9
0.6219 121539 —1.827 1586.1 327.1 —554
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Table 2 continued

X1 prfkgm™)  VE/em mol)  wp/msT) (k) /(TPaTh) (k) ,/(TPa™h)
0.6724 122621 —1.685 1589.2 3229 —49.0
07219 123592 —1.520 1590.4 319.9 —41.6
0.7725  1.244.93 ~1.314 1591.9 317.0 -339
0.8283  1.253.90 —1.048 1594.0 313.9 —253
0.8743  1.260.63 —0.802 1596.0 3114 —18.1
09097  1.265.42 —0.596 1598.0 309.5 -127
09319 1.268.27 —0.459 1599.8 308.1 -94

T=308.15K
0.1211  1,019.61 —1.023 1460.1 460.1 —42.8
01732 1,049.83 —1.350 1478.0 436.1 —55.3
02310 1,079.77 —1.644 1496.7 4135 —65.2
02709 1,098.50 —1.807 1508.1 400.3 —69.5
03242 1,121.21 ~1.971 1523.2 384.4 -73.6
03739 1,140.24 —2.068 1534.5 3724 —74.6
04303 1,159.71 —2.127 1546.5 360.5 —74.0
04742 1,173.46 —2.138 1553.1 3533 -715
05243 1,187.72 -2.105 1560.5 345.8 —68.0
05773 1.201.32 —2.022 1565.4 339.7 —62.3
06219 121175 —1.922 1569.6 335.0 -572
06724 122257 —1.777 1572.2 330.9 —50.1
07219 123213 —1.593 1574.8 3273 —42.8
07725  1.241.05 —1.374 1577.6 323.8 -35.1
0.8283  1.249.96 —1.097 1580.1 3204 ~26.0
08743  1.256.59 —0.835 1583.1 317.6 —1838
09097  1.261.34 —0.619 1586.0 3152 -133
09319 1.264.14 —0.474 1588.0 3137 -9.9

those for [emim][BF,] (1) + NMF (2) mixtures are positive over the entire composition
range.

The Hf‘z data of the studied mixtures may be explained qualitatively, if it is assumed that
(i) [emim][BF,] is characterized by ionic interactions and exists as its monomer, while
NMF and DMF exist as associated entities and there is formation of 1-2,, contacts in the
mixed state; (ii) unlike 1-2,, contacts lead to weakening of ionic interactions and also
rupture of the associated amide molecules to form their respective monomers; and (iii) ion—
dipole interactions (between the N atom of the imidazolium ring and the fluorine atom of
the [BF4]™ anion with the oxygen atom of NMF or DMF and the hydrogen atom of NMF)
exist in the mixtures. The Hf‘z values for [emim][BF,] (1) + DMF (2) mixtures suggest
that the contribution to HY, due to factors (i) and (iii) outweigh the contribution to HE, due
to factor (ii), and thus the overall HY, values for this mixture are negative. Further, amide—
amide interactions become weaker in the sequence primary > secondary > tertiary, so the
contribution to H‘Ez due to rupture of NMF-NMF interactions upon mixing will be larger
than that related to the breaking of DMF-DMF interactions, and consequently the
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Table 3 Measured excess molar enthalpy, HFZ, values for the various (1 + 2) mixtures as a function of
mole fraction x;, of component (1) at 298.15 K

xi HE/J-mol™") xi HE/J-mol™")

1-Ethyl-3-methylimidazolium tetrafluoroborate (1) + N-methylformamide (2)

0.1241 193 0.5136 481
0.1688 249 0.5687 479
0.2013 294 0.6022 469
0.2597 358 0.6648 434
0.2991 394 0.7112 397
0.3346 425 0.7732 339
0.3875 455 0.8453 245
0.4221 470 0.8951 177
0.4793 479 0.9156 143
1-Ethyl-3-methylimidazolium tetrafluoroborate (1) + N,N-dimethylformamide (2)
0.1004 —260 0.5561 -912
0.1532 —386 0.5945 —-905
0.1962 —483 0.6687 —849
0.2565 —611 0.7148 —803
0.3285 —725 0.7851 —674
0.3798 —803 0.8257 —590
0.4155 —842 0.8711 —461
0.4621 —879 0.8991 —381
0.5021 —894 0.9156 —322
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Fig. 1 Excess molar volumes, V&, at T = 293.15 for: (I) 1-ethyl-3-methylimidazolium tetrafluoroborate

(1) + N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5, pink curved line,
Graph pink open circle, PFP pink filled circle. (II) 1-Ethyl-3-methylimidazolium tetrafluoroborate
(1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with Eq. 5, violet
curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle
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Fig. 2 Excess molar volumes, VIEZ, at 7= 298.15 for: (I) 1-ethyl-3-methylimidazolium tetrafluoroborate
(1) + N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5, pink curved line,
Graph pink open circle, PFP pink filled circle. (1I) 1-Ethyl-3-methylimidazolium tetrafluoroborate
(1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with Eq. 5, violet
curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle
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Fig. 3 Excess molar volumes, VE, at 7 = 303.15 for (I) 1-ethyl-3-methylimidazolium tetrafluoroborate
(1) + N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5, pink curved line,
Graph pink open circle, PFP pink filled circle. (II) 1-Ethyl-3-methylimidazolium tetrafluoroborate
(1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with Eq. 5, violet
curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle

contribution to HY, from factor (ii) will outweigh the contribution due to factors (ii) and
(iii), which leads to the positive values of HFQ for [emim][BF,4] (1) + NMF (2) mixtures.

The sign as well as the magnitude of V; and (i5) |, arise due to (i) rupture of associated
entities in the mixed state, to (ii) the molecular arrangement and packing of the constituents
of mixtures, and (iii) molecular interactions existing in these mixtures. The negative V},
values for these mixtures suggest that the contribution to VE due to ion—the dipole
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Fig. 4 Excess molar volumes, VE, at T = 308.15 for (I) 1-ethyl-3-methylimidazolium tetrafluoroborate
(1) + N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5, pink curved line,
Graph pink open circle, PFP pink filled circle. (II) 1-Ethyl-3-methylimidazolium tetrafluoroborate
(1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with Eq. 5, violet
curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle
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Fig. 5 Excess isentropic compressibilities, (KE)IZ, at T = 293.15 for (I) 1-ethyl-3-methylimidazolium
tetrafluoroborate (1) + N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5,
pink curved line, Graph pink open circle, PFP pink filled circle. (II) 1-Ethyl-3-methylimidazolium
tetrafluoroborate (1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with
Eq. 5, violet curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle

interactions and molecular packing is more than that of the contribution from rupture of
associated entities. This may be due to (i) the larger difference between the molar volumes
of [emim][BF,] (154.70 x 10~® m*mol™") and NMF (59.06 x 10~ m*mol™!) or DMF
(77.28 x 107 m3-mol’1), which allows small molecules to fit into the available free
volume of the ionic liquid; and (ii) ion—dipole interactions occur in the mixtures. Further,
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Fig. 6 Excess isentropic compressibilities, (K?)lz, at T = 298.15 for (I) 1-ethyl-3-methylimidazolium
tetrafluoroborate (1) + N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5,
pink curved line, Graph pink open circle, PFP pink filled circle. (II) 1-Ethyl-3-methylimidazolium
tetrafluoroborate (1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with
Eq. 5, violet curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle
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Fig. 7 Excess isentropic compressibilities, (5),,. at 7= 303.15 for (I) 1-ethyl-3-methylimidazolium
tetrafluoroborate (1) + N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5,
pink curved line, Graph pink open circle, PFP pink filled circle. (II) 1-Ethyl-3-methylimidazolium
tetrafluoroborate (1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with
Eq. 5, violet curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle

the VE values suggest that (1 + 2) mixtures contain relatively more packed structure in the
mixed state as compared to their pure states. The temperature coefficients (OVF/0T) and
(GKE/GT) are negative for the studied mixtures, which in turn suggests that the ion—dipole
interaction increases with rise in temperature. The decrease in speed of sound values for
the mixtures with increasing temperature also supports this viewpoint.

@ Springer



812 J Solution Chem (2013) 42:800-822

X
0.0 0.2 0.4 0.6 08 1.0
T T T T
20 F e
o P . v y =
& B
= v
= 40 -
R /
-60 /
-80

Fig. 8 Excess isentropic compressibilities, (K?)lz, at 7= 308.15 for (I) l-ethyl-3-methylimidazolium
tetrafluoroborate (1) + N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5,
pink curved line, Graph pink open circle, PFP pink filled circle. (II) 1-Ethyl-3-methylimidazolium
tetrafluoroborate (1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with
Eq. 5, violet curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle
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Fig. 9 Excess molar enthalpies, HS, at T = 298.15 for (I) 1-ethyl-3-methylimidazolium tetrafluoroborate
(1) 4+ N-methyl formamide (2). The line represents fitting of the measured data with Eq. 5, pink curved line,
Graph pink open circle, PFP pink filled circle. (II) 1-Ethyl-3-methylimidazolium tetrafluoroborate
(1) + N,N-dimethyl formamide (2). The line represents fitting of the measured data with Eq. 5, violet
curved line, Graph violet down-pointing open triangle, PFP violet down-pointing filled triangle

5 Graph Theory
5.1 Excess Molar Volumes

Graph theory deals with the topology of molecules constituting the mixture. As the
topology of the molecules changes on addition of component 1-2 or vice versa, it is,
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Table 4 Binary adjustable parameters Y5 (Y = VorHorks), n = 0-2 of Eq. 5, along with their corre-
sponding standard deviations, o(Y5,) of V5, HY, and (KE)IZ at T'= (293.15, 298.15, 303.15, and 308.15) K

Parameters TIK

293.15 298.15 303.15 308.15

1-Ethyl-3-methylimidazolium tetrafluoroborate (1) + N-methylformamide (2)

Vo —3.358 —3.497 —3.580 —3.713
vy 0.511 0.502 0.502 0.502
% —0.188 0.061 —0.217 —0.075
o(VE)/em® mol ! 0.001 0.001 0.001 0.001
) —220.4 —2229 —226.2 —230.5
o) 32.9 33.7 33.7 30.0

S
e 5.0 -72 —18.3 —21.1

S
o(xE)/TPa™! 0.1 0.1 0.1 0.1
HY - 1,928 - -
HD - 80 - -
H?® - —193 - -
o(H®)/J-mol ™! - 4 - -

1-Ethyl-3-methylimidazolium tetrafluoroborate (1) 4+ N,N-dimethylformamide (2)

Vo —7.633 —7.874 —8.041 —8.496
v 1.241 1.241 1.232 1.327
Ve —0.020 —0.102 —0.341 —0.177
o(VE)/em®-mol ! 0.002 0.002 0.002 0.002
K —2475 —260.1 —271.2 —279.4
o) 121.3 133.8 143.9 154.2
e —49 -25 —-1.6 —12.4

S
o(xkE)/TPa™! 0.1 0.1 0.1 0.1
H? - —3,574 - -
HD - —794 - -
H? - 55 - -
o(HE)/J-mol ™! - 5 - -

therefore, worthwhile to analyze the VE data in terms of Graph theory. According to this
theory, VFZ is given [41] by:

vE = an{ [2xCe] -zaca | ©)

where o, is a constant characteristic of the (1 4+ 2) mixtures. The (3 ¢) and (3@-)m (i=1or
2) are the connectivity parameters of third degree of the components (1) and (2) in the pure
and mixed state and are defined [42] by:

m“n %o “p

%é _ Z (5v SY s 5\/) 05 (7)

m<n<o<p

where the 0}, etc. values have the same significance as described elsewhere [43]. The
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evaluation of VE from Eq. 6 requires knowledge of the connectivity parameters of third
degree, (3£i) (i=1or2)or (35,»)m (i = 1 or 2), that are parameters of the components of
mixtures in their pure and mixed state. In the present investigations, we have evaluated
these parameters from the measured VE data at one temperature and 1 mole fraction
(x; = 0.5). The (35,») or (3 &)m (i = 1 or 2) values were then subsequently utilized to predict
VFZ at other mole fractions. Such VFZ values are shown in Figs. 1, 2, 3, 4 and are compared
with the corresponding experimental values. Also, the &), CéDm (i =1 or 2), and o,
values are listed in Table 5. Examination of Figs. 1, 2, 3, 4 reveals that the Cé) or Cé)m
(i = 1 or 2) values reproduce the experimental VE data reasonably well and hence (35,») or
(C&)m (i = 1 or 2) can be utilized to extract information about the state of 1 and 2 in the
pure and mixed states.

A number of structures were proposed for [emim][BF,], NMF and DMF, and their 3¢
values were determined (using Eq. 7) taking in consideration their molecular structure. The
structure or combination of structures that yielded *¢ values that are comparable with the
3¢ values (Table 5) were considered to be a representative structure of that component. For
the (1 + 2) mixtures, it was assumed that [emim][BF,], NMF and DMF in their pure states
exist as the molecular entities I, II-III, and IV-V, respectively (Scheme 1). The 35/ value
for molecular entity I was predicted by using the proposed structure of [emim][BF,] based
on IR, Raman spectra and quantum mechanics analysis [44—46]. The proposed structure
suggest that (i) the [BF4]~ anion is positioned over the imidazolium ring of the [emim]™
cation and has short contacts with H-C(2) as well as a proton of the —CHj; group (in
imidazolium ring); and (ii) ion-pair formation strongly influences three antisymmetric B-F
stretching vibrations of the [BF,]™ anion and out-of-plane, stretching vibrations of the H—
C(2) moiety of the cation. The 35/ values for molecular entities I-V were then calculated to
be 1.639, 0.236, 0.947, 0.211, 0.809. The experimental 36 values are 1.505 and 1.502,
1.096, 1.095 for [emim][BF,], NMF, and DMF (Table 5), which suggests that while
[emim][BF,] exist as a monomer (molecular entity I, 35/ = 1.639), NMF (molecular entity
111, 35/: 0.947) and DMF (molecular entity V, 3£/= 0.809) exist as associated entities in
their pure state. The state of components in (1 + 2) mixed solutions were then studied by
predicting (&), values of NMF or DMF in [emim][BF,]. For this purpose, we assumed
that [emim][BF,4] (1) + NMF or DMF (2) mixtures possessed molecular entities VI and
VII, respectively.

In evaluating (3 values for these molecular entities VI and VII, it was assumed that
while molecular entity VI is characterized by interactions between the N atom (N-3) of
[emim]™ as well as a fluorine atom of [BF4]~ with oxygen and hydrogen atoms of NMF,
molecular entity VII is characterized by interactions among the N atom (N-3) of [emim]™
as well as the fluorine atom of [BF,]~ with the oxygen of DMF. The (3&)m values for these
molecular entities were then predicted to be 0.891 and 1.084, respectively. The experi-
mental (362)m values of 1.096 and 1.095 for [emim][BF,4] (1) + NMF or DMF (2) mixtures
(Table 5) suggest that these mixtures contain molecular entities VI and VII. To substantiate
the existence of molecular entities VI and VII, we analyzed the spectral data of pure
[emim][BF,], NMF, DMF and [emim][BF,] (1) + NMF or DMF (2) equimolar mixtures.
Analysis of the IR data revealed that while [emim][BF4], NMF and DMF in their pure
states show characteristic vibrations at 3,130 cm™! (C-H vibrations), 524 cm ™! (B-F
stretching), 1,672 and 1,670 cm™' (C=0), 3,170 cm™' (N-H) [47], the [emim][BF,]
(1) + NMF or DMF (2) mixtures showed characteristic vibrations at 3,156 and
3,162 cm™! (C-H vibrations), 536 and 533 cm”! (B-F stretching), 1,660 and 1,659 cm”!
(C=0), and 3,182 cm™' (N-H), respectively. The IR studies thus suggest that addition of
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Table 5 Interaction energies y*, 1{2, etc. parameters of Eq. 9 along with connectivity parameters of the
third degree of a molecule, (°&;) or 3¢)m (i = 1 or 2), and oy, of Eq. 6 utilized in Graph theory for the
determination of Vi, Hf, and (x§),, at T = (293.15, 298.15, 303.15, 308.15) K

Parameters T/K
293.15 298.15 303.15 308.15

1-Ethyl-3-methylimidazolium tetrafluoroborate (1) + N-methylformamide (2)

&) = Cédm 1.505 1.505 1.505 1.505
CE) = Céhm 1.096 1.096 1.096 1.096
ay/cm®-mol ™! 43.057 44.842 45.903 47.612
o(VE, Graph) 0.005 0.008 0.008 0.007
% /TPa™! —66.0 —66.8 —68.1 —71.4
Z}o/TPa™" —182.8 —185.6 —188.1 —186.1
a(kE, Graph) 1.1 0.5 1.0 1.1
%" 17-mol ™! - —733 - -
X{Z/J-mol_1 - —1116 - -
o(H®, Graph) - 9 - -
1-Ethyl-3-methylimidazolium tetrafluoroborate (1) + N,N-dimethylformamide (2)

&) = Cédm 1.503 1.503 1.503 1.503
CE) = Céhm 1.095 1.095 1.095 1.095
ayo/em®-mol ! 98.022 101.130 103.267 109.118
o(VE, Graph) 0.008 0.004 0.007 0.002
% /TPa™! —38.1 —373 —37.0 —35.7
Zlo/TPa™! —315.1 —339.3 —359.3 —378.4
o(x%, Graph) 1.0 1.0 1.0 1.6

% 11-mol ! - —1642 - -
x{Z/J'mol" - —1239 - -
o(H®, Graph) - 36 - -

Also included are the standard deviations, O'(VE, Graph), G’(KE, Graph), and (T(HE, Graph) between exper-
imental values, V5, HY, and (k£),,, and values obtained from Graph theory

12°
NMF or DMF to [emim][BF,] does influence (i) the H-C(2) vibrations of [emim] ™, (ii) B—
F stretching of [BF,4]™, (iii) C=0 vibrations of NMF or DMF, and (iv) N-H vibrations of
NMF. Furthermore, shifting of the C-H vibrations to higher wave numbers suggest
breaking of interactions between the hydrogen atom of the imidazolium ring of [emim]*
and fluorine atom of [BF,]~, which in turn support the existence of molecular entities VI
and VII in the studied mixtures.

5.2 Excess Molar Enthalpies and Excess Isentropic Compressibilities

The analysis of VE, data for the investigated mixtures in terms of Graph theory has revealed
that while [emim][BF,] exists as a monomer, NMF and DMF exist as associated entities.
The measured HY and (KE) |, data can be analyzed in terms of Graph theory, if it is assumed
that the (1 + 2) investigated mixture formation involves the following processes: (i) for-
mation of unlike 1-2,, contacts; (ii) unlike contact formation then weakens 2,~2,, interac-
tions and ionic interactions in [emim][BF,], which leads to the depolymerization of 2, to
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I
35/ =1.639

1
35/ =0.947
g 3g/=0.211

.Boron . Carbon Fluorine ‘ Hydrogen . Nitrogen . Oxyge

Scheme 1 Connectivity parameters, *& of the third degree for various molecular entities

form monomers of 2 components; and (iii) monomers of 1 and 2 undergo ion—dipole
interactions to form a 1:1 molecular complex. If 5, ., and x{z represent molar interaction
and molar compressibility interaction parameters for 1-2,, contacts, depolymerization of 2,
components, and ion—dipole interactions between 1 and 2 components, then the change in
thermodynamic properties, YF2 (Y = H or k) is given [48-51] by:

V(Y = Hor ) = M[ ]+M[ ]
o x1+x2(3§1/3§2) " x1+x2(351/352) "
xlx% (351/352) "
' m [’CH (8)
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Further, if it is assumed that the interaction parameters for unlike contacts and 10n—
dipole interactions between the (1) and (2) components are nearly equal, y1» = 120 = 1,
then Eq. 8 reduces to:

x1(3E/3E) } /

YE(Y = Hor « :[—[l—l—x 1+ xoy } 9

12( S) x| +x2(361/362) ( l)/{ 2X12 ( )
Equation 9 contains two unknown y and X{z parameters. These parameters were

evaluated by using HE, and (KE) |, data at x; = 0.4 and 0.6, and were then subsequently

utilized to predict H]fz and (KE)IQ values of (1 4 2) mixtures at other values of x;. Such

(K?)lz and HF2 values of the investigated mixtures are plotted in Figs. 5, 6, 7, 8 and 9,

respectively, and are compared with their experimental values. The ;" and x{z param-
eters, along with deviations between experimental VFZ, (KE)IZ and H]f:2 values and the
corresponding values obtained from Graph theory, are recorded in Table 5. Examination
of Figs. 5, 6, 7, 8, 9 reveals that the HFZ and (K?)lz values compare well with their
experimental values which, in turn, supports the various assumptions made in deriving

Eq. 9.

6 Prigogine-Flory-Patterson (PFP) Theory

6.1 Excess Molar Volumes

The PFP theory [52] assumes that VFZ is the sum of three contributions: (i) an interaction

contribution, (ii) a free volume contribution, and (iii) an internal pressure contribution.
Each contributing term is given by:

Vi%teractiont [(ﬁlﬁ B l)ﬁlpl OZXTZ]

& @A (10
i=1
V}iee volume __ ~ ~\2 ~—1/ l// l//
fzxﬂi?_ = [(Vl — ) {(14/9)v /3 _ 1H —[(4/3){}—]1/-3’ m—F (11)
i=1
VZI];:*efﬁct _ (ﬁl 7;1) (PT ;*PE) WIWZ (12)
inv;f ( ll//2 - 2!//1)
i=1

6.2 Excess Molar Enthalpies

According to the PFP theory [53], HY, values are due to interaction contributions as well as
free volume contributions and are expressed by:

E E E
H12 Hmteracnon + Hfree volume (13)

where
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Hi];:lteraction <X1202wl) 7 al s
= UTy + TyCpT, 14
(U +x2U3) P; (UTy + TuCrTu) (14)
ngeef olume ~ (T I D 7
_“free—volume _ _ & (o T +v,To — T 15
(U +x:U3) P Ti +¥oT2 = To) (15)
6.3 Excess Isentropic Compressibilities
The quantity (kg),, is given [54] by:
1 /ov
=——|= 16
(155) 12 v <6p>5 (16)

where

VY (YY) ey (Y (17)
op S_ op/ P\oT/,
v

($>T and (g—‘T’)p are expressed by Eqs. 18 and 19, respectively, where
al 7 _‘77/3 4 2‘72 _ 175/3 Kl (18)
»), \ 4B3_5h  )oT

v #5_5\ v
(&), (=) 7 ®
T), \4/3-7v T
All of the terms in Eqs. 10-19 have the same significance as described elsewhere [55,
56].
The Vi, HY, and (k§),, values by PFP theory can be predicted if the interaction energy
parameter y,, in addition to the Flory’s parameters and isobaric heat capacities of the pure

liquids and mixtures, are known. The interaction parameter yj, was determined by fitting
of the Hﬁ value of investigated (1 4 2) mixtures at x; = 0.5 to Eq. 21:

Hy = xip} (U7 = Ugl) +x1U; 0273, Ul (20)

The various parameters for the pure components were determined using isothermal
compressibility results reported in the literature [22, 29, 33-35]. The «ky values for
[emim][BF,] were predicted in the manner described elsewhere [40, 57], and for NMF and
DMF were determined by using their AH, values [58]. Such Vf,, (k§) , and HY, values are
plotted in Figs. 1, 2, 3, 4, 5, 6, 7, 8 and 9, respectively. Further, the interaction energy
parameter y,, along with deviations between experimental V,, (§) , and Hf, values and

the corresponding values obtained from PFP theory are reported in Table 6. Examination
of Figs. 1, 2, 3,4, 5,6, 7, 8, 9 reveals that the PFP theory correctly predicts the sign of
VE, HY, and (k§) 1, Values for all of the studied mixtures. However, quantitative agreement
is not as impressive as compared to the values predicted by Graph theory. The failure of the
PFP theory to correctly predict the magnitude of V;, H, and (x%),, data may be due to
strong interactions between unlike molecules in the mixtures. Further, examination of yj,
values for [emim][BF,] (1) + NMF or DMF (2) mixtures indicates that, while the y7,
values for [emim][BF,] (1) + NMF (2) are positive, those for [emim][BF,] (1) + DMF (2)
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Table 6 Values of the interaction energy, yj;, parameter of the PFP theory along with the standard devi-

ations o(V", PFP), o(x§, PFP), and o(H", PFP) from experimental values, Vi, HY, and (%) ,, and the
values obtained from the PFP theory
Mixture T/K Interaction Standard deviations
energy
parameter j;/ a(VE, o(xE, PFP)/TPa~! o(H™
Joem=3 PFP)/ PFP)/
cm®mol~! J-mol ™!
1-Ethyl-3-methyl imidazolium 293.15 22.0 0.2292 255 -
tetrafluoroborate (1) + N- 298.15 271 0.2157 26.1 61
methylform amide (2)
303.15 223 0.2477 26.2 -
308.15 229 0.3306 26.1 -
1-Ethyl-3-methyl imidazolium 293.15 =312 1.1570 29.8 -
tetrafluoroborate(1) + N,N- 298.15 —31.6 1.1222 317 170
dimethylform amide (2)
303.15 -31.7 1.2289 45.8 -
308.15 —-324 1.4196 34.7 -

are negative. This is probably due to strong self-association of NMF in comparison to
DMF, which prevents strong interaction between NMF and [emim][BF,] leading to the
positive value for yj,.

7 Conclusion

The experimental density and speed of sound data of the investigated ionic liquid binary
mixtures have been utilized to determine V{, and (%) ,. The Vi, H, and (x%),, data
have been fitted to Redlich—Kister equation to predict binary adjustable parameters and
standard deviations. The VFZ, H]f:z and (KE) |, data for the studied ionic liquid mixtures have
been analyzed in terms of Graph theory. It has been observed that Graph theory, which
has been applied for the first time to ionic liquid mixtures, described well the observed
thermodynamic properties as well as the state of components in their pure and mixed
states. The Vf5, H, and (k§),, data have also been analyzed in terms of PFP theory. The
agreement between experimental values and the values determined by PFP theory is not
impressive, although the sign of the predicted values are the same as the experimental
values.
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