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The densities, ρ, speeds of sound, u, and molar heat capacities, CP, of 1-butyl-2,3-dimethylimidazolium tetraflu-
oroborate (1) + cyclopentanone or cyclohexanone (2) mixtures at 293.15, 298.15,303.15 and 308.15 K and ex-
cess molar enthalpies, HE of same mixtures at 298.15 K have been measured as a function of composition. The
observed ρ, u, and CP values are used to determine excess molar volumes, VE, excess isentropic compressibilities,
κSE and excess heat capacities, CPE. The analysis of VE data in terms of Graph theory has suggested that while 1-
butyl-2,3-dimethylimidazolium tetrafluoroborate exists as monomer; cyclopentanone and cyclohexanone exist
as mixture of open and cyclic dimer. The analysis of inter-nuclear distances among interacting atoms (predicted
by quantum mechanical calculations) also supports the presence of proposed molecular entities in pure and
mixed states. It has been observed that VE, κSE, CPE and HE estimated by Graph theory compare well with their ex-
perimental values.
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1. Introduction

Ionic liquids (ILs) due to their unique characteristics such as purely
ionic character, high thermal stability at normal temperature and pres-
sure, designable structures have been suggested materials for the re-
placement of organic liquids (which are flammable and toxic). They
have been regarded as benign green solvents with a wide range of po-
tential applications such as removal of pollutants, catalysis, gas separa-
tions, fuel cells etc. [1–5]. Recently, imidazolium based ILs or their
mixtures with organic liquids have been widely studied [6–11] for the
possibility of their use in organic reactions, separation processes
and as absorbent in acidic gas absorption processes [12–15]. The
trialkyl-substituted imidazolium based ILs such as 1-butyl-2,3-
dimethylimidazolium tetrafluoroborate can be used as promisingmate-
rial for the synthesis of various metal oxide nanostructures,
electroplating, electrochemical purposes and technical as well as sepa-
ration processes in industries [16,17]. The cyclic ketones have important
applications in the chemical industry as intermediates or as final prod-
ucts, being used in the synthesis of pharmaceuticals, in agricultural
and cosmetic industries [18–20]. Cyclopentanone and cyclohexanone
can be used as rawmaterial in the production of cycloalkanes, caprolac-
tam and themonomers used for the synthesis of Nylon 6 and 66 [21,22].
K. Sharma).
The multipurpose use of ILs or their mixtures with organic solvents re-
quires reliable data on thermodynamic properties like excessmolar vol-
umes, VE, excess isentropic compressibilities, κSE, excess heat capacities,
CP
E and excess molar enthalpies, HE. These properties are very important

for IL containing media to optimize process parameters and scale up of
chemical and separation processes. The study of IL and organic liquid
mixtures is also indispensable for theoretical research. As our continual
investigations onmixtures containing imidazolium based ILs, we report
here densities, ρ, speeds of sound, u, molar heat capacities, CP and excess
molar enthalpies, HE, of 1-butyl-2,3-dimethylimidazolium tetrafluoro-
borate (1) + cyclopentanone or cyclohexanone (2) mixtures.

2. Experimental

1-butyl-2,3-dimethylimidazolium tetrafluoroborate [Bmmim][BF4]
(Fluka, mass fraction: ≥0.991) was used without any further purifica-
tion. The water content in [Bmmim][BF4] was measured by Karl Fischer
titration and observed to be in the range of 320–340 ppm [23].
Cyclopentanone (Fluka, mass fraction: 0.992, GC) and cyclohexanone
(Fluka, mass fraction: 0.994, GC) were purified by fractional distillation
[24]. The structure of studied chemicals, sources of IL/organic liquids,
CAS number, purification methods and analysis methods along with
their final purities are recorded in Table 1. The density and sound ana-
lyzer (Anton Paar DSA 5000) was used to measure densities, ρ, and
speeds of sound, u, values of IL, purified liquids and their mixtures in
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Table 1
Details of studied chemicals, their CAS Registry number, source, purification method, purity and analysis method.

Chemical name CAS number Source Purification method Initial
purity

Final
purity

Analysis
method

Structure

1-butyl-2,3-dimethyl imidazolium tetrafluoroborate 402,846–78-0 Fluka Used as such ≥0.991 – –

Cyclopentanone 120–92-3 Fluka Fractional distillation 0.99 0.992 GCa

Cyclohexanone 108-94-1 Fluka Fractional distillation ≥0.99 0.994 GC

a GC= gas chromatography.
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themanner as described elsewhere [25,26]. The calibration of the appa-
ratus for each set of the liquidmixtureswas done at 293.15 K using dou-
ble distilled, deionized and degassed water. The ρ and u values of IL and
purified liquids are listed in Table 2 and also comparedwith their corre-
sponding literature values [17,27–36]. The mole fraction in each mix-
ture was obtained by measuring the masses of the components of
mixtures using an electric balance (Mettler AX-205 Delta) with an un-
certainty of ±1 10−5 g. The standard uncertainties in the ρ and umea-
surements are ±0.5 kg m−3 and 0.1 m s−1 respectively. The standard
uncertainties in VE values and temperature measurement are ±0.1%
and ±0.01 K respectively.

Molar heat capacities, Cp, of pure liquids and their mixtures, excess
molar enthalpies, HE of present mixtures were measured by using a
high sensitivity micro differential scanning calorimeter Micro DSC
(Model–μDSC 7 Evo) supplied by M/S SETARAM instrumentation,
France in the manner as described elsewhere [37,38]. The calorimeter
uses a double stage temperature control with Peltier coolers and
Table 2
Comparison of densities, ρ, speeds of sound, u and molar heat capacities, Cp of pure chemicals w
atmospheric pressure 0.1 MPa.

Liquids T/K

ρ/kg m−3

Expt.

1-butyl-2,3-dimethyl imidazolium tetrafluoroborate 293.15 1193.5
298.15 1191.8

303.15 1189.7

308.15 1187.9
Cyclopentanone 293.15 949.3

298.15 944.5

303.15 939.7
308.15 934.8

Cyclohexanone 293.15 947.4

298.15 942.9

303.15 938.1

308.15 933.2

Standard uncertainties, u, are u (T) (DSA) = ±0.01 K; u (ρ) = ±0.5 kg m−3; u (u) = ±0.1 m
works between −45 and 120 °C. The calibration of calorimeter was
done by joule effect method employing software provided by M/S
SETARAM andwas checked bymeasuring heat of fusion of naphthalene
which was found to be 148.36 J g−1 which in turn was comparable to
literature value 148.7 J g−1 [39]. The Cp values of IL and purified liquids
alongwith their literature values are reported in Table 2 [28,40,41]. The
standard uncertainties in measured Cp values, HE values and tempera-
ture are ±0.3%, ±1% and ±0.02 K respectively.

The samples of (1+2) binarymixtures for IR studies were prepared
by mixing components in 1:1 (w/w) ratio, and their IR spectra were re-
corded on NICOLET iS50, FT-IR spectrometer supplied by M/S Thermo
Scientific, United States.

3. Results

The ρ, u and Cp data of [Bmmim][BF4] (1) + cyclopentanone or cy-
clohexanone (2) binary mixtures at 293.15, 298.15, 303.15 and
ith their corresponding literature values at T= 293.15, 298.15, 303.15 and 308.15 K and

u/m s−1 Cp/J K−1 mol−1

Lit. Expt. Lit. Expt. Lit.

1196.716 [7] 1659.7 1654.88 [7] 413.03 –
1191.2 [27] 1645.7 1641.44 [7] 416.01 –
1193.338 [7]
1193.19 [17]
1189.80 [17] 1632.5 1628.74 [7] 418.84 –
1189.921 [7]
1186.516 [7] 1619.8 1616.88 [7] 421.70 –
949.34 [28] 1414.6 1414.3 [28] 152.95 152.99 [28]
944.52 [28] 1393.6 1393.2 [28] 154.45 154.69 [28]
944.35 [29] 1394.1 [35] 154.5 [40]
945.3 [30]
939.68 [28] 1372.6 1372.5 [28] 155.61 155.74 [28]
934.84 [28] 1352.2 1352.6 [28] 156.76 156.81 [28]
947.39 [28] 1431.2 1430.5 [36] 176.17 176.19 [28]
946.44 [31] 1431.9 [28]
947.80 [32]
942.90 [28] 1414.5 1408.0 [35] 178.27 178.37 [28]
942.76 [33] 1414.8 [28] 177.97 [41]
938.05 [28] 1395.1 1395.6 [28] 180.38 180.46 [28]
940.3 [34]
933.18 [28] 1375.1 1375.8 [28] 182.46 182.39 [28]
933.80 [33]

s−1; u (T) (DSC) = ±0.02 K; u (xi) = ± 1 ∙ 10−4; u (Cp) = ±0.3%; u (P) = ±1000 Pa.



Table 3
Measured densities, ρ, excessmolar volumes, VE, speeds of sound, u, isentropic compressibilities,κS and excess isentropic compressibilities, κSE values of the investigatedmixtures as a func-
tion of mole fraction, x1, of component (1) at T = 293.15, 298.15, 303.15 and 308.15 K and atmospheric pressure 0.1 MPa.

x1 ρmix (kg m−3) VE (cm3 mol−1) u (m sec−1) κS (TPa−1) κSE (TPa−1)
1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)

T = 293.15 K
0.0860 970.3 2.230 1427.3 505.9 −1.36
0.1287 980.8 3.138 1434.4 495.6 −2.23
0.1731 992.0 3.922 1442.0 484.8 −3.14
0.2154 1003.1 4.499 1449.4 474.6 −3.95
0.2681 1017.7 4.960 1458.3 462.0 −4.79
0.3127 1030.5 5.154 1465.9 451.6 −5.30
0.3519 1042.2 5.160 1472.3 442.6 −5.57
0.4049 1058.7 4.924 1480.7 430.8 −5.60
0.4766 1081.7 4.235 1491.9 415.4 −5.10
0.5131 1093.5 3.753 1497.6 407.8 −4.59
0.5541 1106.8 3.112 1504.0 399.4 −3.85
0.5994 1121.2 2.336 1511.6 390.3 −2.86
0.6491 1136.5 1.431 1520.7 380.5 −1.65
0.6957 1150.1 0.577 1530.2 371.3 −0.45
0.7446 1163.0 −0.226 1541.9 361.7 0.75
0.8012 1173.9 −0.675 1559.6 350.2 1.88
0.8549 1181.3 −0.753 1580.4 338.9 2.50
0.9061 1186.9 −0.654 1604.7 327.2 2.12
T = 298.15 K
0.0860 967.8 2.052 1405.3 523.2 −1.71
0.1287 979.1 2.892 1412.1 512.2 −2.68
0.1731 991.1 3.600 1419.5 500.8 −3.67
0.2154 1001.7 4.245 1427.4 490.0 −4.52
0.2681 1016.5 4.698 1436.6 476.7 −5.38
0.3127 1029.4 4.890 1444.3 465.7 −5.87
0.3519 1041.0 4.919 1451.0 456.2 −6.12
0.4049 1057.5 4.695 1459.8 443.7 −6.16
0.4766 1080.7 3.995 1471.4 427.4 −5.61
0.5131 1092.3 3.548 1477.6 419.3 −5.09
0.5541 1105.6 2.916 1484.5 410.4 −4.35
0.5994 1120.0 2.150 1492.6 400.7 −3.36
0.6491 1135.5 1.226 1502.2 390.3 −2.13
0.6957 1149.0 0.397 1512.4 380.5 −0.93
0.7446 1161.7 −0.366 1524.8 370.2 0.28
0.8012 1172.6 −0.801 1543.3 358.1 1.45
0.8549 1180.5 −0.937 1564.5 346.1 2.13
0.9061 1185.9 −0.793 1589.7 333.7 1.77
T = 303.15 K
0.0860 965.1 1.884 1383.6 541.3 −2.09
0.1287 977.2 2.653 1390.1 529.6 −3.16
0.1731 989.8 3.306 1397.3 517.4 −4.22
0.2154 1000.2 3.985 1405.6 506.0 −5.09
0.2681 1015.3 4.413 1414.9 492.0 −5.96
0.3127 1028.2 4.613 1422.9 480.4 −6.48
0.3519 1040.1 4.611 1429.7 470.4 −6.70
0.4049 1056.4 4.423 1439.0 457.1 −6.70
0.4766 1079.8 3.707 1451.1 439.8 −6.14
0.5131 1091.4 3.265 1457.6 431.2 −5.61
0.5541 1104.5 2.667 1465.1 421.8 −4.84
0.5994 1118.8 1.922 1473.8 411.5 −3.83
0.6491 1134.3 1.006 1484.0 400.3 −2.60
0.6957 1147.8 0.184 1494.8 389.9 −1.39
0.7446 1160.4 −0.556 1508.0 378.9 −0.17
0.8012 1171.4 −0.996 1527.2 366.0 1.03
0.8549 1179.5 −1.157 1548.9 353.4 1.75
0.9061 1184.8 −0.983 1574.7 340.4 1.53
T = 308.15 K
0.0860 962.4 1.717 1362.3 559.9 −2.45
0.1287 975.0 2.450 1368.8 547.4 −3.63
0.1731 988.6 3.006 1375.6 534.5 −4.75
0.2154 999.1 3.685 1384.1 522.4 −5.68
0.2681 1014.0 4.150 1393.8 507.6 −6.57
0.3127 1027.0 4.350 1402.0 495.4 −7.05
0.3519 1038.9 4.357 1409.1 484.8 −7.27
0.4049 1055.2 4.181 1418.8 470.8 −7.27
0.4766 1078.6 3.481 1431.4 452.5 −6.64
0.5131 1090.2 3.047 1438.4 443.4 −6.11
0.5541 1103.5 2.430 1446.2 433.3 −5.34
0.5994 1117.6 1.723 1455.5 422.4 −4.33
0.6491 1133.2 0.803 1466.2 410.5 −3.07
0.6957 1146.5 0.020 1477.8 399.4 −1.85

(continued on next page)
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Table 3 (continued)

x1 ρmix (kg m−3) VE (cm3 mol−1) u (m sec−1) κS (TPa−1) κSE (TPa−1)
1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)

0.7446 1159.2 −0.725 1491.7 387.7 −0.62
0.8012 1170.1 −1.136 1511.7 374.0 0.61
0.8549 1178.0 −1.246 1534.4 360.6 1.39
0.9061 1183.6 −1.116 1560.6 346.9 1.25

1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclohexanone (2)
T = 293.15 K
0.0834 957.9 3.084 1450.2 496.4 −1.31
0.1328 967.9 4.322 1459.4 485.1 −2.15
0.1764 977.6 5.198 1467.2 475.2 −2.89
0.2258 994.2 5.326 1472.4 464.0 −3.68
0.2675 1009.7 5.112 1476.1 454.6 −4.28
0.3094 1026.1 4.666 1479.6 445.2 −4.82
0.3824 1055.5 3.504 1486.0 429.1 −5.51
0.4368 1077.3 2.442 1491.4 417.3 −5.78
0.4755 1092.4 1.643 1496.0 409.0 −5.87
0.5276 1111.7 0.577 1503.2 398.1 −5.84
0.5649 1124.6 −0.139 1509.3 390.4 −5.69
0.6063 1137.9 −0.867 1517.0 381.9 −5.40
0.6451 1149.3 −1.465 1525.2 374.1 −5.04
0.6947 1162.1 −2.065 1537.2 364.1 −4.48
0.7419 1172.3 −2.427 1550.5 354.8 −3.84
0.7994 1182.0 −2.556 1569.2 343.6 −2.95
0.8527 1188.4 −2.355 1589.2 333.2 −2.09
0.9134 1192.3 −1.653 1615.7 321.3 −1.16
T = 298.15 K
0.0834 954.1 3.067 1433.6 510.0 −1.68
0.1328 965.3 4.183 1442.1 498.2 −2.64
0.1764 976.7 4.854 1448.8 487.8 −3.44
0.2258 993.2 5.015 1454.3 476.1 −4.26
0.2675 1008.8 4.794 1458.1 466.3 −4.86
0.3094 1025.1 4.371 1461.8 456.5 −5.38
0.3824 1054.3 3.254 1468.5 439.8 −6.03
0.4368 1076.3 2.177 1474.1 427.6 −6.30
0.4755 1091.7 1.342 1478.6 419.0 −6.37
0.5276 1110.9 0.303 1486.2 407.5 −6.33
0.5649 1123.8 −0.404 1492.5 399.5 −6.18
0.6063 1137.1 −1.123 1500.4 390.6 −5.90
0.6451 1148.5 −1.714 1508.9 382.4 −5.56
0.6947 1161.6 −2.344 1521.1 372.1 −5.01
0.7419 1171.8 −2.697 1534.8 362.3 −4.37
0.7994 1181.4 −2.798 1553.9 350.5 −3.47
0.8527 1187.7 −2.566 1574.3 339.7 −2.56
0.9134 1190.8 −1.728 1601.6 327.4 −1.54
T = 303.15 K
0.0834 951.5 2.859 1413.1 526.3 −2.05
0.1328 963.3 3.921 1421.5 513.7 −3.13
0.1764 975.5 4.510 1427.9 502.8 −3.98
0.2258 992.4 4.623 1433.4 490.4 −4.84
0.2675 1007.6 4.465 1437.7 480.1 −5.45
0.3094 1024.2 4.012 1441.5 469.9 −5.95
0.3824 1053.6 2.882 1448.6 452.3 −6.60
0.4368 1075.6 1.814 1454.6 439.4 −6.83
0.4755 1091.0 0.988 1459.4 430.4 −6.90
0.5276 1110.0 −0.012 1467.5 418.3 −6.83
0.5649 1123.0 −0.727 1474.1 409.8 −6.70
0.6063 1136.2 −1.423 1482.5 400.4 −6.43
0.6451 1147.9 −2.048 1491.2 391.8 −6.08
0.6947 1160.4 −2.581 1504.3 380.8 −5.53
0.7419 1170.3 −2.878 1518.7 370.5 −4.90
0.7994 1179.8 −2.948 1538.6 358.0 −3.99
0.8527 1185.9 −2.670 1559.8 346.6 −3.03
0.9134 1188.9 −1.787 1587.9 333.6 −1.93
T = 308.15 K
0.0834 949.1 2.624 1392.0 543.8 −2.42
0.1328 961.6 3.622 1400.2 530.4 −3.62
0.1764 974.6 4.121 1406.3 518.8 −4.54
0.2258 991.3 4.277 1412.3 505.8 −5.42
0.2675 1006.1 4.185 1417.1 494.9 −6.02
0.3094 1023.3 3.661 1420.8 484.1 −6.53
0.3824 1052.0 2.647 1428.9 465.6 −7.11
0.4368 1074.8 1.483 1434.8 452.0 −7.34
0.4755 1090.0 0.693 1440.1 442.4 −7.41
0.5276 1109.2 −0.321 1448.5 429.7 −7.34
0.5649 1122.0 −0.997 1455.6 420.6 −7.18
0.6063 1135.7 −1.753 1464.2 410.7 −6.92

228 H. Gupta et al. / Journal of Molecular Liquids 231 (2017) 225–237



Table 3 (continued)

x1 ρmix (kg m−3) VE (cm3 mol−1) u (m sec−1) κS (TPa−1) κSE (TPa−1)
1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)

0.6451 1147.3 −2.353 1473.4 401.5 −6.59
0.6947 1159.6 −2.845 1487.3 389.8 −6.07
0.7419 1169.5 −3.128 1502.3 378.9 −5.44
0.7994 1179.0 −3.181 1523.0 365.7 −4.50
0.8527 1185.1 −2.888 1544.8 353.6 −3.50
0.9134 1187.1 −1.831 1574.3 339.9 −2.28

Standard uncertainties, u, are u (T) (DSA) = ±0.01 K; u (ρ) = ±0.5 kg m−3; u (u) = ±0.1 m s−1; u (xi) = ±1 10−4; u (VE) = ±0.1%; u (κSE) = ±0.2%; u (P) = ±1000 Pa.
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308.15 K and excess molar enthalpies, HE of same set of mixtures at
298.15 K measured over entire mole fraction range are recorded in
Tables 3–5 respectively. The measured ρ and u values of mixtures
were employed to predict excessmolar volumes,VE and isentropic com-
pressibilities, κS using:

VE ¼ ∑
2

i¼1

1
ρ
−

1
ρ i

� �
xiMi ð1Þ

κS ¼ 1
ρu2 ð2Þ

where x1, x2; M1, M2; and ρ1, ρ2 are mole fractions, molar masses and
densities of [Bmmim][BF4]; cyclopentanone or cyclohexanone and ρ, u
are the densities and speeds of sound values of (1 + 2) mixtures.

The excess isentropic compressibilities, κSE were estimated by
employing

κE
S ¼ κS−κ id

S ð3Þ

κSid values were obtained in the manner suggested by Benson and
Kiyohara [42]:

κ id
S ¼ ∑

2

i¼1
φi κS;i þ

Tviα2
i

CP;i

" #
−T ∑

2

i¼1
xivi

 !
∑2

i¼1 φiαi

� �2
∑2

i¼1 xiCP;i

� � ð4Þ

where φi is the volume fraction of the component (i) (i = 1 or 2) in the
mixed state; κS,i, vi,αi and (CP)i (i=1 or 2) are the isentropic compress-
ibility, molar volume, thermal expansion coefficient and molar heat ca-
pacity respectively of pure component (i) (i = 1 or 2). The α value for
the investigated liquidswere determined usingdensity data in theman-
ner as described elsewhere [43].

The excess heat capacities, CPE, data of the present mixtures were de-
termined using relation:

CE
P ¼ CPð Þmix‐∑

2

i¼1
xi CPð Þi ð5Þ

where (Cp)mix denotes the molar heat capacities of the mixtures, (Cp)i
(i = 1 or 2) are the molar heat capacities of (1) or (2) components
respectively.

The excess molar enthalpies, HE, values at desired compositions for
the (1+ 2) binary mixtures were obtained directly using software sup-
plied by the M/S SETARAM.

The VE, κSE, CPE and HE data of [Bmmim][BF4] (1) and cyclopentanone
or cyclohexanone (2) are plotted in Figs. 1–4 and listed in Tables 3–5 re-
spectively. To describe the composition dependence of X (X=V or κS or
CP orH) of themixtures, the XE (X= V or κS or CP orH) of the investigat-
ed mixtures at the studied temperatures were fitted to Redlich-Kister
equation [44]:

XE ¼ x1 1−x1ð Þ X 0ð Þ þ X 1ð Þ 2x1−1ð Þ þ X 2ð Þ 2x1−1ð Þ2
h i

ð6Þ

where Xn (n=0–2)(X=V or κS or CPor H) are parameters characteristic of
(1+2)mixtures. These parameters were determined by fitting XE (X=
V or κS or H or CP) data to Eq. (6) using least squares optimization. Such
parameters along with standard deviations σ (XE) defined by:

σ XE
� �

¼
∑ XE

expt:ð Þ−XE
calc:equation 6ð Þf g

� �2
m−nð Þ

8><
>:

9>=
>;

0:5

ð7Þ

wherem is the number of data points, n is the number of parameters in
Eq. (6) are presented in Table 6.

4. Discussion

The ρ, u and CP values for the investigated IL, cyclopentanone and cy-
clohexanone are presented in Tables 3 and 4 respectively. The compar-
ison between experimental and literature values of ρ, u and CP data for
[Bmmim][BF4] have been discussed elsewhere [45]. The experimental ρ,
u and CP values of cyclopentanone and cyclohexanone are in agreement
with their literature values [28–36,40,41].

We are unaware of any VE, κSE, CPE andHE data of the investigatedmix-
tures with which to compare experimental results. While HE data of
[Bmmim][BF4] (1) + cyclopentanone or cyclohexanone (2) mixtures
are positive; κSE values are negative for [Bmmim][BF4] (1) + cyclohexa-
none (2) mixtures across entire mole fraction range. However, sign and
magnitude of VE, CPE for [Bmmim][BF4] (1) + cyclopentanone or cyclo-
hexanone (2) and κSE for [Bmmim][BF4] (1) + cyclopentanone (2) mix-
tures are dictated by the relative proportion of the components in
mixed state.

It has been observed that ρ values (Table 3) increasewith increase in
concentration of IL for both mixtures. However, there is sharp rise in
density values at higher concentration of IL. The small increase in densi-
ty values for both mixtures at low concentration of IL in comparison to
density values at high concentration may be due to weakening of cohe-
sion forces in [Bmmim][BF4] and dipole-dipole interactions in
cyclopentanone or cyclohexanone in mixed state. It is also evident
from the results, the densities and speeds of sound values decrease
with increase in temperature.

The VE data reflects packing effect and interaction intensity existing
among the components of mixtures. The positive VE values for
[Bmmim][BF4] (1) + cyclopentanone or cyclohexanone (2) mixtures
at mole fraction of IL, xIL ≤ 0.7422; and 0.5608 respectively, indicates
least packing of cyclopentanone and cyclohexanone in the lattices of IL
in comparison tomixtures at xIL N 0.7422; and 0.5608 respectively (hav-
ing negative VE values for both mixtures) which in turn reflects strong
interactions/more packing efficiency of cyclopentanone or cyclohexa-
none in the interstices of IL network. The VE values of [Bmmim][BF4]
(1)+ cyclohexanone (2) aremore negative and less positive at equimo-
lar composition than those for [Bmmim][BF4] (1) + cyclopentanone
(2) mixture. It may be due to reason that cyclohexanone is more basic
in character and possess chair form with almost no strain and thus can
be accommodated efficiently in the interstices of [Bmmim][BF4] in com-
parison to cyclopentanone. The κSE data of these mixtures also support
this view point. The VE values of [Bmim][BF4] or [Emim][BF4] (1) +
cyclopentanone or cyclohexanone (2) mixtures [28,46] have also been



Table 4
Measured molar heat capacities, Cp and excess heat capacities, CPE, values for the (1+ 2) binarymixtures as a function of mole fraction, x1, of component (1) at T=293.15, 298.15, 303.15
and 308.15 K and atmospheric pressure 0.1 MPa.

x1 Cp
(J K−1 mol−1)

CP
E

(J K−1 mol−1)
x1 Cp

(J K−1 mol−1)
CP
E

(J K−1 mol−1)
1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)

T = 293.15 K
0.0918 178.11 1.28 0.5490 294.43 −1.30
0.1352 189.72 1.61 0.5987 306.70 −1.96
0.1768 200.72 1.79 0.6355 315.82 −2.41
0.2683 224.45 1.72 0.6807 327.09 −2.90
0.3044 233.64 1.52 0.7226 337.65 −3.23
0.3568 246.84 1.09 0.7734 350.68 −3.42
0.3911 255.42 0.75 0.8117 360.67 −3.39
0.4327 265.75 0.26 0.8549 372.13 −3.16
0.4832 278.22 −0.40 0.8973 383.68 −2.64
T = 298.15 K
0.0918 179.99 1.53 0.5490 297.00 −1.05
0.1352 191.73 1.92 0.5987 309.35 −1.70
0.1768 202.82 2.13 0.6355 318.54 −2.13
0.2683 226.67 2.04 0.6807 329.92 −2.57
0.3044 235.90 1.83 0.7226 340.57 −2.88
0.3568 249.15 1.38 0.7734 353.65 −3.09
0.3911 257.77 1.02 0.8117 363.71 −3.05
0.4327 268.15 0.52 0.8549 375.24 −2.82
0.4832 280.69 −0.15 0.8973 386.79 −2.36
T = 303.15 K
0.0918 181.48 1.71 0.5490 299.38 −0.74
0.1352 193.35 2.15 0.5987 311.84 −1.37
0.1768 204.52 2.37 0.6355 321.10 −1.79
0.2683 228.53 2.30 0.6807 332.57 −2.22
0.3044 237.83 2.09 0.7226 343.30 −2.52
0.3568 251.18 1.65 0.7734 356.47 −2.72
0.3911 259.85 1.29 0.8117 366.56 −2.71
0.4327 270.30 0.79 0.8549 378.14 −2.51
0.4832 282.94 0.14 0.8973 389.73 −2.08
T = 308.15 K
0.0918 183.06 1.98 0.5490 301.75 −0.46
0.1352 195.06 2.48 0.5987 314.30 −1.08
0.1768 206.32 2.72 0.6355 323.66 −1.47
0.2683 230.49 2.65 0.6807 335.21 −1.89
0.3044 239.83 2.42 0.7226 346.05 −2.16
0.3568 253.25 1.96 0.7734 359.32 −2.34
0.3911 261.96 1.58 0.8117 369.48 −2.33
0.4327 272.47 1.07 0.8549 381.12 −2.14
0.4832 285.19 0.41 0.8973 392.71 −1.78

1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclohexanone (2)
T = 293.15 K
0.1052 196.10 −4.99 0.5247 297.82 −2.63
0.1437 204.13 −6.08 0.5638 308.19 −1.52
0.1953 215.41 −7.02 0.6029 318.54 −0.43
0.2381 225.22 −7.35 0.6588 333.25 1.04
0.2827 235.82 −7.31 0.6941 342.43 1.86
0.3306 247.60 −6.88 0.7496 356.59 2.87
0.3942 263.68 −5.86 0.7967 368.27 3.39
0.4495 278.02 −4.62 0.8307 376.47 3.54
0.4880 288.12 −3.64 0.8973 391.79 3.09
T = 298.15 K
0.1052 197.61 −5.67 0.5247 299.56 −3.45
0.1437 205.51 −6.92 0.5638 309.98 −2.33
0.1953 216.78 −7.92 0.6029 320.40 −1.20
0.2381 226.59 −8.29 0.6588 335.19 0.30
0.2827 237.17 −8.31 0.6941 344.43 1.14
0.3306 248.98 −7.89 0.7496 358.68 2.20
0.3942 265.20 −6.79 0.7967 370.45 2.77
0.4495 279.60 −5.53 0.8307 378.71 2.95
0.4880 289.81 −4.48 0.8973 394.23 2.64
T = 303.15 K
0.1052 199.09 −6.38 0.5247 301.26 −4.24
0.1437 206.92 −7.73 0.5638 311.73 −3.09
0.1953 218.09 −8.86 0.6029 322.19 −1.96
0.2381 227.86 −9.30 0.6588 337.05 −0.43
0.2827 238.50 −9.29 0.6941 346.32 0.42
0.3306 250.36 −8.85 0.7496 360.64 1.51
0.3942 266.68 −7.70 0.7967 372.49 2.13
0.4495 281.20 −6.37 0.8307 380.82 2.35
0.4880 291.44 −5.31 0.8973 396.53 2.18
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Table 4 (continued)

x1 Cp
(J K−1 mol−1)

CP
E

(J K−1 mol−1)
x1 Cp

(J K−1 mol−1)
CP
E

(J K−1 mol−1)
1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)

T = 308.15 K
0.1052 200.55 −7.08 0.5247 302.74 −5.25
0.1437 208.21 −8.63 0.5638 313.29 −4.05
0.1953 219.26 −9.92 0.6029 323.85 −2.85
0.2381 229.02 −10.40 0.6588 338.82 −1.25
0.2827 239.71 −10.38 0.6941 348.18 −0.34
0.3306 251.60 −9.95 0.7496 362.62 0.83
0.3942 267.96 −8.81 0.7967 374.58 1.52
0.4495 282.56 −7.44 0.8307 383.02 1.82
0.4880 292.85 −6.36 0.8973 398.84 1.71

Standard uncertainties, u, are u (T) (DSC) = ±0.02 K; u (xi) = ±1 10−4; u (CPE) = ±0.3%; u (P) = ±1000 Pa.

Table 5
Measured excessmolar enthalpies,HE values for the studiedmixtures as a function ofmole
fraction, x1, of component (1) at T = 298.15 K and atmospheric pressure 0.1 MPa.

x1 HE (J mol−1) x1 HE (J mol−1)

1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)
0.0854 10.3 0.5138 46.2
0.1296 16.1 0.5647 45.1
0.1755 21.8 0.6129 42.1
0.2248 27.8 0.6653 38.4
0.2768 34.1 0.7107 34.8
0.3264 38.7 0.7618 29.2
0.3749 42.2 0.8122 22.8
0.4251 44.8 0.8681 15.7
0.4699 46.1 0.9145 9.90
1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclohexanone (2)
0.0714 20.8 0.5274 73.9
0.1128 31.8 0.5761 71.0
0.1647 43.7 0.6233 66.7
0.2156 52.8 0.6759 60.4
0.2628 60.2 0.7253 53.3
0.3142 66.6 0.7711 45.0
0.3659 72.2 0.8237 35.5
0.4128 74.6 0.8762 25.8
0.4766 75.3 0.9227 16.2

Standard uncertainties, u, are u (T) (DSC)=±0.02 K; u (xi) =±1 10−4; u (HE)=±1%; u
(P) = ±1000 Pa.

Fig. 2. Excess isentropic compressibilities, (κSE)12 for (I) [Bmmim][BF4] (1) +
cyclopentanone (2) Expt. ( ); Graph ( ) (II) [Bmmim][BF4] (1) + cyclohexanone
(2) Expt. ( ); Graph ( ) at 298.15 K.
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compared with the VE values of the studied mixtures. It has been ob-
served that VE values for these mixtures at equimolar composition fol-
low the order: [Bmmim][BF4] N [Bmim][BF4] N [Emim][BF4]. It may be
due to the presence of bulky –CH3 group/s in [Bmim][BF4] or
[Bmmim][BF4] which restricts the approach of cyclopentanone or
Fig. 1. Excess molar volumes, V12
E for (I) [Bmmim][BF4] (1) + cyclopentanone (2) Expt.

( ); Graph/Eq. (8) ( ), Graph/Eq. (14) ( ) (II) [Bmmim][BF4] (1) + cyclohexanone
(2) Expt. ( ); Graph/Eq.(8) ( ), Graph/Eq. (14) ( ) at 298.15 K.
cyclohexanone molecules in the interstices of [Bmim][BF4] or
[Bmmim][BF4] network. The ∂VE/∂T and ∂(κSE)/∂T for the present mix-
tures are negative. Thismay be due to increase in disruption of cohesion
forces in IL or dipole-dipole interactions in cyclopentanone or cyclohex-
anone with increase in temperature, which in turn leads to a more
packed structure.
Fig. 3. Excess molar enthalpies, H12
E for (I) [Bmmim][BF4] (1) + cyclopentanone (2) Expt.

( ); Graph ( ) (II) [Bmmim][BF4] (1) + cyclohexanone (2) Expt. ( ) Graph ( ) at
298.15 K.



Fig. 4. Excess heat capacities, (CPE)12 for (I) [Bmmim][BF4] (1) + cyclopentanone (2) Expt.
( ); Graph ( ) (II) [Bmmim][BF4] (1) + cyclohexanone (2) Expt. ( ); Graph ( ) at
298.15 K.
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The positive CP
Evalues for [Bmmim][BF4] (1) + cyclopentanone

(2) mixture have been observed at low IL mole fraction, xIL ≤ 0.4532
which in turn changes to negative at xIL N 0.4532. However, reverse is
the case for [Bmmim][BF4] (1) + cyclohexanone (2) mixture. For
[Bmmim][BF4] (1) + cyclopentanone or cyclohexanone (2), the nega-
tive CPE suggest that contribution to CP

E due to rupture of cohesion forces
in IL; and dipole-dipole interactions in cyclopentanone or cyclohexa-
none far outweigh the contribution due to interactions between IL and
cyclopentanone or cyclohexanone to form 1:2 molecular complex
possessing compact (non-random) structure while the positive suggest
otherwise. The ∂(CPE)/∂T for [Bmmim][BF4] (1) + cyclopentanone
(2) mixture is positive which suggests compact structure in mixed
state due to more interactions among the unlike molecules in compari-
son to likemolecules. However, ∂(CPE)/∂T for [Bmmim][BF4] (1)+ cyclo-
hexanone (2) mixture is negative which indicates the opposite view
point. The CP

E values of [Bmim][BF4] or [Emim][BF4] (1) +
cyclopentanone or cyclohexanone (2) have been reported in the litera-
ture [28,46] and for [Bmmim][BF4] or [Bmim][BF4] or [Emim][BF4] (1)+
cyclopentanone or cyclohexanone (2) mixtures at equimolar composi-
tion vary in the order: [Bmim][BF4] N [Emim][BF4] N [Bmmim][BF4];
Fig. 5. FT-IR spectra of pure (A) [Bmmim][BF4], (
and [Bmim][BF4] N [Bmmim][BF4] N [Emim][BF4] respectively. The CP
E

data for [Bmmim][BF4] or [Bmim][BF4] or [Emim][BF4] (1) +
cyclopentanone (2) mixtures suggest least interactions/packing of
cyclopentanone molecules with [Bmmim][BF4] in comparison to
[Bmim][BF4] or [Emim][BF4] which in turn leads
[Bmmim][BF4]:cyclopentanone molecular complex possessing least
non-random structure. These observations are consistent with the in-
formation inferred from the analysis of their VE data. This view point
also support the CP

E data of [Bmmim][BF4] or [Bmim][BF4] or
[Emim][BF4] (1) + cyclohexanone (2) mixtures.

The excess molar enthalpies, HE data of liquid mixtures is related to
the net destruction and creation of interactions among the components
of mixtures in the mixed state. The sign and magnitude of HE data
roughly reflects the balance between the interactions among like and
unlike species in mixtures. The HE data of studied mixtures may be ex-
plained qualitatively, if it be assumed that (i) [Bmmim][BF4] is charac-
terized by cohesion forces and exists as a monomer; cyclopentanone
and cyclohexanone are characterized by dipole-dipole interactions
and exist as associated molecular entities; (ii) the addition of (1) to
(2) or vice-versa rupture cohesion forces in IL and cyclopentanone or
cyclohexanone to form (1) and (2) monomers; and (iii) monomers of
the molecules undergo interactions to form 1:2 molecular complex.
The positive HE data of (1 + 2) mixtures suggest contribution to HE

due to factor (ii) far outweigh contribution due to factor (iii). The HE

values of [Bmmim][BF4] (1) + cyclohexanone (2) mixture are higher
than those for [Bmmim][BF4] (1) + cyclopentanone (2) mixture in
spite of the fact that cyclohexanone is more basic in character than
cyclopentanone and thus must interact strongly with [Bmmim][BF4]. It
may be due to high dielectric constant of cyclohexanone at 298.15 K
(εs = 15.77) in comparison to cyclopentanone (εs = 13.49) [47]
which in turn yields strong dipole-dipole interactions in cyclohexanone
and thus require more energy to rupture these interactions. The com-
parison of HE data for [Bmmim][BF4] or [Bmim][BF4] (1) +
cyclopentanone or cyclohexanone (2) mixtures has revealed that HE

values for [Bmmim][BF4] or [Bmim][BF4] (1) + cyclohexanone (2) mix-
tures (at equimolar composition) are higher than [Bmmim][BF4] or
[Bmim][BF4] (1) + cyclopentanone (2) mixtures. It may be due to
high dielectric constant value of cyclohexanone.
5. Graph theory

The Graph theory has been successfully utilized [48–51] to relate
structure of a molecule with its physical and chemical properties; and
B) Cyclopentanone and (C) Cyclohexanone.



Fig. 6. FT-IR spectra of equimolar (D) [Bmmim][BF4] (1) + cyclopentanone (2) and (E) [Bmmim][BF4] (1) + cyclohexanone (2) mixtures.
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connectivity parameter of third degree of a molecule (derived from
their topology) with thermodynamic properties like VE, κSE, CPE and HE

of themixtures. Excessmolar volume, VE is a packing effect and addition
of (1) to (2) would cause change in topology. It was, therefore, of inter-
est to analyze VE of the investigated mixtures in terms of Graph theory
Table 6
Binary adjustable parameters, Xn (σ (XE) (X= V or κS or CP orH; n= 0–2) of Eq. (6) along
with their standard deviations,σ (XE) (X= V or κS orCP orH) at T=293.15, 298.15, 303.15
and 308.15 K.

Parameters T/K

293.15 298.15 303.15 308.15

1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)
V(0) 15.600 14.763 13.729 12.841
V(1) −26.383 −25.738 −25.300 −24.874
V(2) −11.990 −13.385 −14.634 −15.848
σ(VE)/cm3 mol−1 0.002 0.002 0.002 0.002
κS(0) −19.14 −21.20 −23.24 −25.28
κS(1) 28.78 29.42 30.19 30.95
κS(2) 37.49 34.64 31.70 28.75
σ(κSE)/TPa−1 0.00 0.01 0.01 0.01
Cp
(0) −2.50 −1.51 −0.35 0.74

Cp
(1) −27.40 −27.36 −26.81 −26.69

Cp
(2) −6.90 −3.66 −1.54 1.76

σ(CpE)/J K−1 mol−1 0.00 0.00 0.00 0.00
H(0) – 184 – –
H(1) – −3.10 – –
H(2) – −80.0 – –
σ(HE)/J mol−1 – 0.27 – –
1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclohexanone (2)
V(0) 4.795 3.665 2.284 1.123
V(1) −40.385 −40.346 −39.574 −39.151
V(2) 8.434 7.499 7.281 5.359
σ(VE)/cm3 mol−1 0.002 0.002 0.002 0.002
κS(0) −23.52 −25.50 −27.57 −29.55
κS(1) 1.75 1.99 2.26 2.49
κS(2) 11.37 7.47 3.76 −0.15
σ(κSE)/TPa−1 0.01 0.01 0.01 0.01
Cp
(0) −13.23 −16.63 −19.89 −23.98

Cp
(1) 54.59 56.22 57.81 60.08

Cp
(2) 5.16 1.09 −3.71 −6.41

σ(CpE)/J K−1 mol−1 0.01 0.01 0.01 0.02
H(0) – 297 – –
H(1) – −53.1 – –
H(2) – −37.5 – –
σ(HE)/J mol−1 – 0.53 – –
to obtain information about the state of components in pure and
mixed state.

According to Graph theory, VE is given by

VE ¼ α12
1

∑2
i¼1 xi 3ξi

� �
m

−
x1
3ξ1

−
x2
3ξ2

" #
ð8Þ

where x1 is the mole fraction of component (1) and α12 is a constant
characteristic of (1 + 2) mixture. The (3ξi) (i = 1 or 2); (3ξi)m(i = 1
or 2) are connectivity parameters of third degree of the constituentmol-
ecules and are defined by

3ξ ¼ ∑
mbnbobp

δνm δνn δνo δνp
� �−0:5

ð9Þ

where δmv etc. has same significance as explained elsewhere [52]. The
(3ξi) (i = 1 or 2); (3ξi)m(i = 1 or 2) parameters of the components of
the mixtures were estimated by fitting experimental VE data to
Eq. (8); and only those values were considered that best reproduced
the VE data. Such VE values along with (3ξi) (i = 1 or 2); (3ξi)m(i = 1
or 2) are listed in Tables 7 and 8 respectively. Examination of data in
Table 7; reveals that VE values are comparable to experimental values
at x1 ≤ 0.7 and ≤0.5 for [Bmmim][BF4] (1) + cyclopentanone or cyclo-
hexanone (2) mixtures respectively. The failure of theory to correctly
predict the sign of VE values at x1 N 0.7; and N0.5 for [Bmmim][BF4]
(1) + cyclopentanone or cyclohexanone (2) mixtures respectively
may be due to fact that α12 parameter has estimated by employing VE

values at one composition. However, (3ξi) (i = 1 or 2); (3ξi)m(i = 1 or
2) values may be used to predict the state of components (1) and
(2) in pure as well as mixed state.

Structures were assumed for [Bmmim][BF4], cyclopentanone, cyclo-
hexanone and their (3ξ/) values {predicted by structural consideration
i.e. Eq. (9) were determined. Any structure or combination of the struc-
tures of component yielded (3ξ/) values comparable to (3ξ) value was
taken to be structure of that component. We assumed that
[Bmmim][BF4], cyclopentanone and cyclohexanone exist as molecular
entities I, II–IV and V–VII respectively. In evaluating (3ξ/) value for
[Bmmim][BF4], it was assumed that (i) [BF4]− is positioned over the
imidazolium ring of [Bmmim][BF4]; and (ii) cohesion forces exist be-
tween proton of –CH3 groups of imidazolium ring and fluorine atoms
of [BF4]−. The (3ξ/) values for molecular entities I–VII were then



Table 7
Comparison of measured VE, κSE, CpE values from appropriate equations with their corresponding experimental values at T = 293.15, 298.15, 303.15 and 308.15 K and HE at T = 298.15 K.

Properties Mole fraction of component (1), x1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)
T = 293.15 K
VE (Expt.) 2.502 4.403 5.198 4.898 3.901 2.301 0.481 −0.952 −1.404
VE(Graph)Eq. (8) 2.615 4.073 4.758 4.898 4.642 4.087 3.303 2.338 1.228
VE(Graph) Eq. (14) 2.836 4.540 5.198 4.927 3.887 2.299 0.481 −1.088 −1.661
κSE(Expt.) −1.71 −3.50 −5.12 −5.71 −4.89 −2.90 −0.31 1.89 2.51
κSE(Graph) −2.81 −4.49 −5.12 −4.82 −3.75 −2.14 −0.31 1.24 1.77
Cp
E(Expt.) 1.18 2.05 1.96 0.73 −0.62 −2.24 −3.21 −3.45 −2.51

Cp
E(Graph) 1.18 1.61 1.37 0.59 −0.60 −1.97 −3.21 −3.86 −3.19

T = 298.15 K
VE (Expt.) 2.297 4.012 4.802 4.390 3.304 1.701 −0.072 −1.399 −1.703
VE(Graph)Eq. (8) 2.344 3.651 4.264 4.390 4.160 3.663 2.960 2.095 1.101
VE(Graph) Eq. (14) 2.687 4.257 4.802 4.441 3.339 1.725 −0.072 −1.558 −1.960
κSE(Expt.) −2.10 −4.12 −5.59 −6.22 −5.41 −3.49 −0.80 1.51 2.20
κSE(Graph) −3.01 −4.85 −5.59 −5.36 −4.32 −2.69 −0.80 0.86 1.55
Cp
E(Expt.) 1.46 2.40 2.19 1.03 −0.34 −1.92 −2.91 −3.14 −2.22

Cp
E(Graph) 1.46 2.08 1.95 1.18 −0.05 −1.53 −2.91 −3.71 −3.17

HE (Expt.) 12.2 25.1 36.9 45.0 47.2 41.8 33.1 23.3 12.0
HE (Graph) 18.1 31.5 40.5 45.0 45.4 41.8 34.7 24.7 12.6
T = 303.15 K
VE (Expt.) 2.101 3.650 4.402 4.002 2.810 1.101 −0.604 −1.803 −1.897
VE(Graph)Eq. (8) 2.137 3.328 3.887 4.002 3.793 3.340 2.699 1.910 1.003
VE(Graph) Eq. (14) 2.533 3.969 4.402 3.956 2.799 1.166 −0.604 −2.004 −2.240
κSE(Expt.) −2.52 −4.69 −6.20 −6.69 −5.90 −4.03 −1.31 1.09 1.89
κSE(Graph) −3.29 −5.33 −6.20 −6.04 −5.00 −3.31 −1.31 0.51 1.37
Cp
E(Expt.) 1.62 2.73 2.40 1.34 0.06 −1.59 −2.62 −2.81 −1.93

Cp
E(Graph) 1.62 2.36 2.30 1.57 0.34 −1.17 −2.62 −3.51 −3.07

T = 308.15 K
VE (Expt.) 1.802 3.401 4.011 3.604 2.303 0.620 −0.981 −2.112 −2.105
VE(Graph)Eq. (8) 1.924 2.997 3.501 3.604 3.415 3.007 2.430 1.720 0.904
VE(Graph) Eq. (14) 2.363 3.669 4.011 3.512 2.340 0.730 −0.981 −2.287 −2.396
κSE(Expt.) −2.90 −5.31 −6.79 −7.20 −6.42 −4.51 −1.82 0.68 1.61
κSE(Graph) −3.55 −5.78 −6.79 −6.69 −5.66 −3.92 −1.82 0.15 1.19
Cp
E(Expt.) 1.91 3.04 2.73 1.61 0.30 −1.33 −2.29 −2.52 −1.60

Cp
E(Graph) 1.91 2.84 2.90 2.20 0.91 −0.70 −2.29 −3.34 −3.03

1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclohexanone (2)
T = 293.15 K
VE (Expt.) 4.011 5.302 4.897 3.203 1.105 −0.899 −2.107 −2.502 −1.901
VE(Graph)Eq. (8) 2.343 3.936 4.897 5.320 5.280 4.841 4.053 2.961 1.599
VE(Graph) Eq. (14) 3.243 4.790 4.897 3.866 2.054 −0.110 −2.107 −3.306 −2.927
κSE(Expt.) −1.59 −3.20 −4.71 −5.71 −6.03 −5.50 −4.29 −2.80 −1.42
κSE(Graph) −2.23 −3.92 −5.07 −5.71 −5.85 −5.50 −4.71 −3.50 −1.91
Cp
E(Expt.) −4.82 −7.11 −7.20 −5.82 −3.29 −0.52 2.03 3.52 3.04

Cp
E(Graph) −4.59 −6.88 −7.20 −5.95 −3.60 −0.71 2.03 3.79 3.54

T = 298.15 K
VE (Expt.) 3.604 4.801 4.301 2.595 0.603 −1.207 −2.300 −2.698 −2.102
VE(Graph)Eq. (8) 2.057 3.457 4.301 4.672 4.638 4.252 3.560 2.600 1.405
VE(Graph) Eq. (14) 2.921 4.275 4.301 3.284 1.561 −0.463 −2.300 −3.355 −2.893
κSE(Expt.) −2.04 −3.81 −5.29 −6.22 −6.50 −6.03 −4.80 −3.31 −1.79
κSE(Graph) −2.42 −4.25 −5.52 −6.22 −6.39 −6.03 −5.18 −3.87 −2.12
Cp
E(Expt.) −5.50 −8.03 −8.12 −6.62 −4.21 −1.39 1.21 2.89 2.61

Cp
E(Graph) −5.00 −7.60 −8.12 −6.97 −4.64 −1.68 1.21 3.19 3.22

HE (Expt.) 28.1 50.9 67.2 75.0 74.2 67.3 56.1 40.0 20.8
HE (Graph) 30.6 52.8 67.2 74.1 74.2 68.0 56.4 40.4 21.1
T = 303.15 K
VE (Expt.) 3.207 4.305 3.606 2.004 0.204 −1.502 −2.503 −2.798 −2.202
VE(Graph)Eq. (8) 1.725 2.898 3.606 3.917 3.888 3.565 2.985 2.180 1.178
VE(Graph) Eq. (14) 2.543 3.671 3.606 2.611 0.999 −0.856 −2.503 −3.390 −2.838
κSE(Expt.) −2.41 −4.39 −5.91 −6.79 −7.04 −6.51 −5.32 −3.79 −2.21
κSE(Graph) −2.67 −4.68 −6.05 −6.79 −6.93 −6.51 −5.55 −4.11 −2.24
Cp
E(Expt.) −6.31 −8.80 −9.07 −7.51 −5.09 −2.26 0.42 2.19 2.20

Cp
E(Graph) −5.44 −8.35 −9.07 −8.02 −5.68 −2.63 0.42 2.62 2.92

T = 308.15 K
VE (Expt.) 2.803 3.797 3.011 1.503 0.051 −1.802 −2.697 −3.002 −2.404
VE(Graph)Eq. (8) 1.440 2.420 3.011 3.271 3.247 2.976 2.492 1.820 0.983
VE(Graph) Eq. (14) 2.223 3.157 3.011 2.031 0.507 −1.209 −2.697 −3.441 −2.805
κSE(Expt.) −2.80 −5.03 −6.49 −7.32 −7.50 −7.02 −5.81 −4.32 −2.60
κSE(Graph) −2.88 −5.05 −6.52 −7.32 −7.48 −7.02 −5.99 −4.44 −2.42
Cp
E(Expt.) −7.02 −9.79 −10.03 −8.42 −6.10 −3.17 −0.43 1.48 1.85

Cp
E(Graph) −5.87 −9.09 −10.03 −9.09 −6.76 −3.64 −0.43 2.00 2.59
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Table 8
The connectivity parameters of third degree of a molecule, (3ξ1), (3ξ1)m and (3ξ2), (3ξ2)m along with interaction energy parameters χ∗, χ=

12 and α12 utilized in Graph theory for the
prediction ofVE, κSE and CP

E at T=293.15, 298.15, 303.15, 308.15K andHE at T=298.15K. Also included are thedeviations between the experimental and calculated values byGraph theory,
σ(VEGraph), σ(κSE Graph), σ(HE

Graph) and σ(CPEGraph).

Parameters T/K

293.15 298.15 303.15 308.15

1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclopentanone (2)
(3ξ1) = (3ξ1)m 3.403 3.403 3.403 3.403
(3ξ2) = (3ξ2)m 1.287 1.287 1.287 1.287
α12/cm3 mol−1 −42.588 −38.171 −34.797 −31.337
σ(VE

Graph)/Eq. (8) 2.062 2.213 2.374 2.471
χ12
/v /cm3 mol−1 17.133 16.349 15.529 14.584

χ∗v/cm3 mol−1 −14.985 −15.319 −15.580 −15.427
σ(VE

Graph)/Eq. (14) 0.176 0.210 0.254 0.274
χ12
/κ /TPa−1 −17.04 −18.14 −19.70 −21.18

χ∗κ/TPa−1 15.22 15.30 15.78 16.17
σ(κSEGraph) 0.91 0.83 0.69 0.57
χ12
/CP/J K−1 mol−1 7.89 9.53 10.43 12.12

χ∗CP/J K−1 mol−1 −13.49 −14.44 −14.72 −15.66
σ(CPEGraph) 0.43 0.49 0.57 0.75
χ12
/H/J mol−1 – 102 – –

χ∗H/J mol−1 – −28.1 – –
σ(HE

Graph) – 3.72 – –
1-butyl-2,3-dimethylimidazolium tetrafluoroborate (1) + cyclohexanone (2)
(3ξ1) = (3ξ1)m 3.403 3.403 3.403 3.403
(3ξ2) = (3ξ2)m 2.105 2.105 2.105 2.105
α12/cm3 mol−1 −247.310 −217.211 −182.111 −152.063
σ(VE

Graph)/Eq. (8) 4.465 4.298 4.025 3.809
χ12
/v /cm3 mol−1 20.827 18.881 16.582 14.640

χ∗v/cm3 mol−1 −24.593 −23.267 −21.638 −20.319
σ(VE

Graph)/Eq. (14) 0.803 0.732 0.656 0.526
χ12
/κ /TPa−1 −12.56 −13.57 −15.05 −16.21

χ∗κ/TPa−1 −0.09 −0.32 0.13 0.12
σ(κSEGraph) 0.54 0.37 0.22 0.11
χ12
/CP/J K−1 mol−1 −29.22 −31.55 −34.02 −36.45

χ∗CP/J K−1 mol−1 32.20 32.31 32.63 32.77
σ(CPEGraph) 0.29 0.43 0.59 0.73
χ12
/H/J mol−1 – 174 – –

χ∗H/J mol−1 – −20.9 – –
σ(HE

Graph) – 1.28 – –
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calculated to be 3.199, 0.984, 1.347, 1.386, 1.411, 1.597, 1.935 respec-
tively (Scheme 1). The (3ξ) values of 3.403, 1.287, 2.105 [Bmmim][BF4],
cyclopentanone, cyclohexanone (Table 8) suggests that [Bmmim][BF4]
exists as monomer (molecular entity I; 3ξ/= 3.199) cyclopentanone
(molecular entities III-IV; 3ξ/ = 1.368) and cyclohexanone (molecular
entities VI-VII; 3ξ/ = 1.761) exist as a mixture of open and cyclic
dimer. The information regarding nature and extent of interactions
along with molecular entities existing in the mixtures was then obtain-
ed by predicting the value of connectivity parameter of third degree for
molecular entities of [Bmmim][BF4] in cyclopentanone or cyclohexa-
none (3ξ1/ )m. For this purpose, we assumed that present (1 + 2) mix-
tures may possess molecular entities VIII and IX in mixed state. The
connectivity parameters of third degree, (3ξ/)m in the mixed state for
the proposedmolecular entities VIII-IX were determined {via structural
consideration (Eq. (9)} by assuming that proposed molecular entities
are characterized by interactions between

hydrogen and oxygen atom of cyclopentanone or cyclohexanone
with fluorine atom of [BF4]− anion and proton of –CH3 groups attached
to imidazolium ring of [Bmmim]+ cation. The (3ξ/)m value formolecular
entities VIII–IXwas then estimated to be 3.620. The (3ξ)m value of 3.403
(Table 8) in the presented mixtures support the existence of molecular
entities VIII-IX in the mixtures.

The presence of molecular entities VIII–IX inferred that addition of
cyclopentanone or cyclohexanone to [Bmmim][BF4] must influence
(i) B\\F stretching of [BF4]− anion; (ii) in plane bending vibration of –
CH3 groups in [Bmmim][BF4]; and (iii) N C = O vibrations of
cyclopentanone or cyclohexanone. For this purpose, we analyzed the
IR spectral data of pure [Bmmim][BF4], cyclopentanone, cyclohexanone
and their equimolar (1 + 2) mixtures. It was observed that
[Bmmim][BF4], cyclopentanone, cyclohexanone showed characteristic
vibrations [53,54] at 526 cm−1 (B\\F stretching); 1048, 1030 cm−1

(in plane bending vibrations of –CH3) and; 1726, 1718 cm−1 (NC = O
vibrations of cyclopentanone or cyclohexanone) shown in Fig. 5 which
in turn were shifted to; 530, 532 cm−1 (B\\F stretching); 1054, 1032;
1034, 1036 cm−1 (in plane bending vibrations of –CH3) and; 1712;
1710 cm−1 (NC = O vibrations of cyclopentanone or cyclohexanone)
presented in Fig. 6. The analysis of IR spectral data of mixtures thus sup-
ports the presence of molecular entities VIII–IX in the studied mixtures.

Quantum mechanical calculations using density functional theory
[55–57]were performed to support the presence of proposedmolecular
entities in pure and mixed states. For this purpose, the full optimization
of structures of [Bmmim][BF4], cyclopentanone and cyclohexanone in
pure as well as mixed states were performed with Gaussian program
package 09 which carried out on the B3LYP/6–311++G (d, p) level of
theory [58,59]. The estimated inter-nuclear distances among interacting
atoms in pure [Bmmim][BF4], cyclopentanone, cyclohexanone (molecu-
lar entities I–VII) and mixed states (molecular entities VIII–IX) are la-
belled in Scheme 1. The inter-nuclear distances of 2.24 A° and 3.37 A°
between proton of –CH3 group attached to carbon (C2) of imidazolium
ring and fluorine atoms of [BF4]−; and 2.26 A° between proton of –
CH3 group attached to nitrogen atom of imidazolium ring of
[Bmmim]+ with fluorine atom of [BF4]− suggest interactions between
proton of –CH3 group attached to carbon (C2) of imidazolium ring and
proton of –CH3 group attached to nitrogen atom of imidazolium ring
of [Bmmim]+ with fluorine atoms of [BF4]− (molecular entity I). Fur-
ther, inter-nuclear distance of 3.16 A° and 3.19 A° between carbon and
oxygen atoms of cyclopentanone (molecular entities III–IV); and cyclo-
hexanone (molecular entities VI–VII) respectively advocated the pres-
ence of open and cyclic dimer. In mixed states (molecular entities
VIII–IX), the inter-nuclear distances between (i) the proton of –CH3



Scheme 1. Connectivity parameters, 3ξ/ of the third degree for various molecular entities.
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group attached to carbon (C2) of imidazolium ring [Bmmim]+ with ox-
ygen atom of cyclopentanone or cyclohexanone; (ii) proton of –CH3

group attached to nitrogen atom of imidazolium ring of [Bmmim]+

with oxygen atom of cyclopentanone or cyclohexanone; (iii) proton of
cyclopentanone or cyclohexanone with fluorine atom of [BF4]− (iv) ni-
trogen atom of [Bmmim]+ with fluorine atom of [BF4]− were found to
be 3.34 A°, 2.79 A°; 2.56 A°, 2.59 A°; 2.60 A°, 2.68 A°; and 3.01 A°,
3.02 A° respectively. These inter-nuclear distances supported the pres-
ence of molecular entities VIII–IX in themixed states. The quantumme-
chanical calculations thus also support the various assumptionsmade in
evaluating the connectivity parameters of third degree, 3ξ/ for the vari-
ousmolecular entities in pure aswell asmixed stateswhich in turn have
been utilized to determine VE, κSE, CPE and HE of the studied mixtures.

5.1. Excess molar volumes, excess isentropic compressibilities, excess heat
capacities and excess molar enthalpies

Topological, thermodynamical analysis of VE, κSE, CPE and HE data for
[Bmmim][BF4] (1) + cyclopentanone or cyclohexanone (2) mixtures
and also their quantum mechanical calculations/IR spectral studies
have indicated that while [Bmmim][BF4] is characterized by cohesion
forces and exists as monomer; cyclopentanone and cyclohexanone
exist as associated molecular entities (2n-2n dipole interactions). The
addition of component (1) to (2) leads to form (1 + 2) binary mixture
andmay be assumed to involve processes, (i) establishment of 1-2n con-
tacts; (ii) unlike contact formation in turn results in rupture of
(a) cohesion forces in [Bmmim][BF4]; (b) dipole-dipole interactions
(2n-2n) in cycloalkanones to yield their respective monomers and re-
sults in increase in randomness; (iii) monomers of constituent mole-
cules then undergo specific interactions to form non-random 1:2
molecular complex. If χ12, χ1, χ2, χ12

∗ are molar volumes, molar com-
pressibility, molar interaction parameters for formation of unlike 1–2
contacts; breakdown of (a) cohesion forces in [Bmmim][BF4]; and
(b) associated entities (2n-2n dipole interactions) and increase in ran-
domness; and molecular interactions among (1) and (2) to form 1:2
molecular complex; and decrease randomness respectively; then
change in thermodynamic properties, ΔX(X=VorκS orCPorH) due to
processes (i–iii) were expressed [60–62]

ΔXi X ¼ V orκS orCPorHð Þ ¼ x1x2 3ξ1=
3ξ2

� �
x1 þ x2 3ξ1=3ξ2

� �
" #

χ12½ � ð10Þ

ΔXii X ¼ V orκS orCPorHð Þ ¼ x21x2
3ξ1=

3ξ2
� �

x1 þ x2 3ξ1=3ξ2
� �

" #
χ1 þ χ2½ � ð11Þ

ΔXiii X ¼ V orκS orCPorHð Þ ¼ x1x22
3ξ1=

3ξ2
� �

x1 þ x2 3ξ1=3ξ2
� �

" #
χ�

12

� 	 ð12Þ

The total change in the thermodynamic properties, XE(X=VorκS or-
CPorH) for the studied (1 + 2) mixtures due to processes (i–iii) were,
expressed by

XE X ¼ V orκS orCPorHð Þ ¼ ∑
iii

i¼i
ΔXið Þ

¼ x1x2 3ξ1=
3ξ2

� �
x1 þ x2 3ξ1=3ξ2

� �
" #

χ12 þ x1χ1 þ x1χ2 þ x2χ�
12

� 	 ð13Þ

For the investigated mixtures, we assumed that χ12≅χ12
∗ =χ12

/

andχ1≅χ2=χ∗, Eq. (13) was, therefore, reduced to:

XE X ¼ V orκS orHorCPð Þ

¼ x1 x2 3ξ1=
3ξ2

� �
x1 þ x2 3ξ1=3ξ2

� �
" #

1þ x2ð Þχ=
12 þ 2x1χ�

h i
ð14Þ
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The unknown χ12
/ and χ∗ parameters of Eq. (14) were evaluated by

utilizingmeasured VE,κSE, CPE andHE data at two compositions. The calcu-
lated parameters were then used to predict the VE, κSE, CPE and HE values
at other values of x1. Such VE, κSE, CPE, HE values and χij

/ and χ∗ parameters
(represented asχij

/v,χ∗v;χij
/κ ,χ∗κ;χij

/CP ,χ∗CP;χij
/H ,χ∗H) for the investigated

mixtures are listed in Tables 7 and 8 respectively. An examination of
data in Table 7 indicates that XE(X=VorκSorCPorH) values determined
byGraph theory are in agreementwith the corresponding experimental
data. This provides additional support to the various assumptionsmade
in deriving Eq. (14). Further, comparison of estimated VE values {via
Eq. (14)} with their experimental values support our view point that
Eq. (8) was not able to reproduce the VE values at xIL N 0.7422 and
0.5608 for presented mixtures as α12 parameter was evaluated by
employing VE value at one composition predict the VE values of themix-
tures changing sign with relative proportion of the constituent
molecules.

6. Conclusions

In the present investigations, excess molar volumes, VE, excess isen-
tropic compressibilities, κSE and excess heat capacities, CPE of 1-butyl-2,3-
dimethylimidazolium tetrafluoroborate (1)+ cyclopentanone or cyclo-
hexanone (2) at 293.15, 298.15, 303.15 and 308.15 K with 5 K interval
and excess molar enthalpies, HE of same mixtures at 298.15 K have
been measured across full range of composition. The excess properties
have been fitted to Redlich-Kister equation to determine adjustable pa-
rameters and standard deviations. The connectivity parameters of third
degree of a molecule (which in turn depends upon its topology) has
been utilized successfully to predict (i) state of components in pure as
well as mixed states; (ii) nature and extent of molecular interactions;
and (iii) VE, κSE, CPE and HE values of the mixtures. The analysis of VE

data in terms of Graph theory suggest that (1+ 2)mixtures are charac-
terized by interactions between hydrogen and oxygen atom of
cyclopentanone or cyclohexanone with fluorine atom of [BF4]− anion
and proton of –CH3 groups attached to imidazolium ring of [Bmmim]+

cation. The IR studies also support the presence of molecular entities
in the mixtures. The quantum mechanical calculations have also been
performed to estimate inter-nuclear distances among the interacting
atoms in proposed molecular entities. The analyses of such study also
confirm the presence of molecular entities in the mixtures. The VE, κSE,
CP
E and HE data have also been analyzed in terms of Graph theory. It

has been observed that Graph theory correctly predicts the sign as
well as magnitude of VE, κSE, CPE and HE.
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