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Abstract The density (p), speed of sound (u) and refractive index (np) of [Bmim][PF¢], 2-
pyrrolidone and their binary mixtures were measured over the whole composition range as
a function of temperature between (303.15 and 323.15) K at atmospheric pressure.
Experimental values were used to calculate the excess molar volumes (VE), excess partial

—E . . o —E,
molar volumes (Vm) , partial molar volumes at infinite dilution (Vm'oo), excess values of

isentropic compressibility (i), free length (Lf) and speeds of sound (u) for the binary
mixtures. The calculated properties are discussed in terms of molecular interactions
between the components of the mixtures. The results reveal that interactions between
unlike molecules take place, particularly through intermolecular hydrogen bond formation
between the C,—H of [Bmim][PF¢] and the carbonyl group of pyrrolidin-2-one. An
excellent correlation between thermodynamic and IR spectroscopic measurements was
observed. The observations were further supported by the Prigogine—Flory—Patterson
(PFP) theory of excess molar volume.
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1 Introduction

In recent times, ionic liquids (ILs) have attracted considerable attention because of their
distinctive properties such as thermal stability, non-volatility and reusability [1, 2]. ILs can
be selected with different anions and cations, so that one can form an ionic liquid with the
desired properties. Moreover, ILs had been known for a long time, but their extensive use
as solvents in chemical processes for synthesis and catalysis has recently became signif-
icant. Two main disadvantages of ILs are that they are very expensive when compared to
molecular organic solvents and more viscous than conventional organic solvents, which
may hamper their applications. Mixtures of ILs and molecular organic solvents have been
gaining the interest of researchers because the resultant liquid mixtures possess advantages
over both IL and molecular organic solvents. The properties of these mixtures depend on
the mixing ratio. Mixing of the ILs with molecular solvents is one of the steps to minimize
the usage of expensive ILs and to save time for preparing new ILs with desired properties
[3]. Fortunately, their mixtures with molecular solvents show reduced viscosity without
affecting their advantages as green solvents. In particular, the addition of polar co-solvents
can strongly influence the physical and chemical properties of ILs such as viscosity,
reactivity and electrical conductivity as well as solubility and solvation properties [4].
Hence, IL + molecular solvent mixtures have received growing attention in the past few
years. The potential of these new substances can be exploited by studying their properties
like volumetric, acoustic and refractive index, etc., because this data is important for
industrial applications.

The choice of the ionic liquid, 1-butyl-3-methylimidazolium hexafluoro phosphate
([Bmim][PFg]), was on the basis of its ability as a green plasticizer for poly(L-lactide) [5],
in sequential application in Tussah silk dyeing [6], in RP HPLC [7], in organic synthesis
[8], in separation technology [9] and also used in enzymatic catalysis [10]. On the other
hand, 2-pyrrolidone (PY) was chosen because of its wide use in applied chemistry,
industry and participation in biological processes [11, 12]. A variety of drugs are
2-pyrrolidone derivatives including Cotinine, Doxapram, Piracetam, Povidone, and
Ethosuximide. It is also used in inkjet cartridges. Sustainable production of 2-pyrrolidone,
used as a building block for active pharmaceutical ingredients, a solvent found in water-
based ink and used as a solvent for membrane filters, polymer precursor, etc., is
important. The study of the molecular interactions in the binary mixtures of two indus-
trially important solvents, 1-butyl-3-methylimidazolium hexafluoro phosphate and
2-pyrrolidinone can be useful in many industrial applications like organic synthesis,
separation technology, etc.

Systematic investigations of the physicochemical properties of [Bmim][PFg] with
molecular organic solvents like N,N-dimethylformamide [13], methyl methacrylate [14],
butanol, acetone [15], THF, DMSO, methanol, acetonitrile [16], ethanol, benzene [17] and
2-propoxyethanol [18] have been reported. However, a literature review indicates that a
systematic study of the volumetric, acoustic, optical and spectroscopic properties of binary
mixtures of [Bmim][PF¢] with 2-pyrrolidone has not been previously reported. In the
present work, we investigate the molecular interactions of [Bmim][PFg] with 2-pyrrolidone
and their affect on the volumetric, acoustic, optical, spectroscopic properties and their
derived parameters of [Bmim][PF4] + 2-pyrrolidone binary mixtures.

On the basis of our initial experiments, [Bmim][PF¢] was found to be totally miscible
with PY in all proportions. Hence, in the present study, we measured the densities, speeds
of sound and refractive indices of the binary mixtures of [Bmim][PF¢] with PY in the
temperature range between 303.15 and 323.15 K over the entire composition range at

@ Springer



J Solution Chem

atmospheric pressure. Based on the measured values, we calculated the excess/deviation
properties needed for their potential application in industrial processes. Here we report
excess properties such as molar volumes (V,E), isentropic compressibilities (K?), free

length (L]fi), and speeds of sound (uF) along with (ZLTVE) and (ag:;) - Also, the deviations
S

of refractive index on the volume fraction basis (Aynp) are reported for the binary mixtures
and fitted with the Redlich—Kister polynomial equation. Finally, an attempt has been made
to understand the interaction behavior between the two liquids in the mixtures using IR
spectroscopy. In addition, analysis of VE data of the present mixtures was done through the
Prigogine-Flory—Patterson (PFP) theory.

2 Experimental Section
2.1 Materials

The ionic liquid, [Bmim][PF¢] (CAS174501-64-5), with mass fraction purity 0.99 was used
in this work. It was purchased from Iolitec GmBH (Germany), while PY (CAS616-45-5)
with mass fraction purity 0.995 was supplied by Sigma—Aldrich. The chemicals used in the
present investigation were purified by methods described in the literature [19, 20]. The
water content in the IL and PY was determined using a Karl Fisher titrator (Metrohm, 890
Titrando). Before taking any measurement, all samples were dried for at least 72 h under a
vacuum (0.1 Pa) and moderate temperature (beginning at room temperature and increasing
it gradually over a 6 h period up to 333 K). The water content of all the samples was
further checked and found to be less than 150 ppm, a value much lower than the original
pre-evacuation analysis, which typically showed values in the range of less than 210 ppm.
[Bmim][PF¢] was thus used without further purification, while PY was further purified by
distillation. A list of chemicals with details of their provenance, CAS number, and mass
fraction purity are given in Table S1 of the supplementary information. The purities were
verified by comparing the measured density, speed of sound and refractive index of the
pure liquids with the literature values at atmospheric pressure and the results are given in
Table 1.

2.2 Apparatus and Procedure
2.2.1 Sample Preparation

IL samples were freshly prepared in amber colored glass vials with screw caps having PFE
septa, and were secured sealed with parafilm to prevent absorption of moisture from the
atmosphere, and were then stirred for more than 30 min to ensure total dissolution of the
mixtures. Samples were taken from the vials with a syringe through the PFE septum.
Samples were prepared by weighing with a precision of £ 0.01 mg, using a Sartorius
electronic balance (CPA225D). The uncertainty of the resulting mole fractions of the
mixtures was estimated as being £+ 2 x 1074,
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2.2.2 Measurement of Density and Speed of Sound

Densities and speed of sound were measured with an Anton Paar DSA-5000 M vibrating-
tube density and sound velocity meter. The density meter was calibrated with doubly
distilled degassed water, and with dry air at atmospheric pressure. The temperature of the
apparatus was controlled to within & 0.01 K by a built-in Peltier device. Measured density
and speed of sound values (at a frequency of approximately 3 MHz) are precise to
5x 10 kgm 2 and 5 x 107" m-s™', respectively. The standard uncertainties associated
with the measurements of temperature, density and speed of sound are estimated to
be + 0.01 K, 5 x 1072 kg:m > and + 0.5 m-s~ " respectively.

2.2.3 Measurement of Refractive Index

The refractive indices were determined using an automatic refractometer (Anton Paar Dr
Krenchen Abbemat (WR-HT)) which also has a temperature controller that keeps the
samples at working temperature. The uncertainties in the temperature and refractive index
values are + 0.01 K and & 5 x 107>, respectively. The apparatus was calibrated by
measuring the refractive index of Millipore quality water and tetrachloroethylene (supplied
by the company) before each series of measurements according to the manual instructions.
The calibration was checked with pure liquids having known refractive indices.

2.2.4 Measurement of Infrared Spectra

Infrared transmittance was measured using a Shimadzu Fourier transform infrared (FT-IR)
spectrometer (IRAffinity-1S) equipped with attenuated total reflectance (ATR) accessories.
The spectral region was 650-4000 cm™' with resolution of 2 cm™' and 100 scans were
taken. At least five repeated measurements were performed for each sample.

3 Results and Discussion

The experimentally measured density (p), speed of sound (u) and refractive index (np)
results for the binary mixtures of [Bmim][PF¢] with PY at different temperatures are given
in Table 2. The IR spectral data was recorded at room temperature. The changes in values
of p, u and np with respect to mole fraction are non-linear at all studied temperatures,
whereas the changes in their values with respect to temperature are linear. This trend
indicates the existence of molecular interactions between the liquids under study at all
studied temperatures. The excess and deviation parameters were calculated from the
experimental data using well-known thermodynamic expressions given elsewhere [27].
The Redlich—Kister polynomial coefficients of the computed excess properties and cor-
responding standard deviations are presented in Table S2 of the supporting information.
The variations observed in these excess/deviation parameters are due to the resultant
contribution of several opposing effects, namely chemical, structural, and physical [28].
The chemical or specific interactions include hydrogen bonding between component
molecules and charge-transfer complexes. The structural contributions are such as inter-
stitial accommodation and geometrical fitting of one component into another. Excess molar
volumes for the binary mixtures of [Bmim][PF4] with PY as a function of composition
from T = 303.15-323.15 K are shown in Fig. 1. The curves in the figure have a sigmoid
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Table 2 Experimental density (p), speed of sound (u), refractive index (np), molar volume (V,,,), isentropic
compressibility (ky), free length (Lr) and isobaric thermal expansion coefficient («,) with mole fraction (x,)
of [Bmim][PF¢] in the binary liquid mixture of {[Bmim][PFg] + 2-pyrrolidinone} from 7/K
= 303.15-323.15 at pressure p = 101.3 kPa

X1 p u np Vi Ky L %
(kgm™)  (ms7h 107 m*mol™ (107 Pa”") (107"'m) (10*K")
303.15 K
0.0000 1103.07 1617.97 1.48403  77.16 3.463 3.862 7.41
0.0494  1134.15  1584.68 1.47539  83.72 3.511 3.889 6.54
0.1025 116146  1575.15 1.46743  90.84 3.470 3.866 6.17
0.1503  1182.17  1566.55 1.46088  97.31 3.447 3.853 6.06
0.2215  1209.05 155376 1.45232 106.86 3.426 3.842 6.03
03376 1249.12  1532.89 1.44097 121.95 3.407 3.831 6.00
0.4502  1281.92  1512.66 1.43229 136.30 3.409 3.832 5.91
0.5654  1309.38 149196 1.42521 150.96 3.431 3.845 5.82
0.6527 132607 147626 1.42077 162.17 3.460 3.861 5.76
0.7421  1339.46  1460.19 1.41683 173.84 3.501 3.884 5.68
0.8295 1348.94  1446.49 141345 185.51 3.543 3.907 5.63
0.8622  1351.84  1442.61 141227 189.93 3.554 3.913 5.63
0.9019  1355.19  1438.47 1.41089 195.30 3.566 3.920 5.67
0.9495  1359.38  1434.92 140932 201.66 3.573 3.923 5.81
1.0000  1364.59  1431.66 1.40779 208.26 3.575 3.925 6.14
308.15 K
0.0000  1098.99  1601.62 1.48218  77.44 3.547 3.944 7.43
0.0494 113043  1569.09 147367  83.99 3.593 3.970 6.64
0.1025  1157.89  1560.04 1.46577  91.12 3.549 3.945 6.30
0.1503  1178.59  1551.84 1.45925  97.60 3.523 3.931 6.20
02215 120538  1539.60 1.45075 107.19 3.500 3.918 6.16
03376 124537 151950 1.43947 122.31 3.478 3.906 6.10
0.4502  1278.13  1499.87 1.43084 136.70 3.478 3.906 6.00
0.5654  1305.56  1479.62 1.42380 151.40 3.499 3.917 5.91
0.6527 132225  1464.16 141939 162.64 3.528 3.934 5.85
0.7421  1335.64 144825 141547 174.34 3.570 3.957 5.77
0.8295  1345.14  1434.60 1.41211 186.04 3.612 3.980 5.70
0.8622  1348.02  1430.72 1.41094 190.47 3.624 3.987 5.69
0.9019  1351.33 142656 1.40956 195.86 3.636 3.994 5.71
0.9495 135539 142297 1.40800 202.26 3.644 3.998 5.83
1.0000 136041  1419.82 1.40647 208.90 3.646 3.999 6.14
313.15 K
0.0000 1094.90  1585.44 1.48033  77.73 3.633 4.028 7.46
0.0494  1126.64 1553.66 1.47197  84.27 3.677 4.052 6.74
0.1025 115421  1545.09 1.46409  91.41 3.629 4.025 6.43
0.1503 117491  1537.31 145761  97.91 3.601 4.010 6.34
0.2215  1201.61  1525.63 1.44916 107.52 3.576 3.996 6.29
03376 1241.54 150630 1.43795 122.69 3.550 3.981 6.20
0.4502  1274.25 148728 1.42937 137.12 3.548 3.980 6.09
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Table 2 continued

X1 P u np Vin Ky L¢ op
(kgm™)  (ms™h 10 m*mol™ (107 Pa") (107"'m) (10*K)

0.5654  1301.66  1467.48 1.42237 151.86 3.567 3.991 6.00
0.6527  1318.34 145226 1.41798 163.12 3.597 4.007 5.94
0.7421 133175 143650 1.41408 174.85 3.639 4.031 5.86
0.8295  1341.27 142291 1.41074 186.58 3.682 4,055 5.77
0.8622  1344.17  1419.03 1.40956 191.02 3.695 4.062 5.75
0.9019 134747 141485 1.40820 196.42 3.707 4.069 5.76
0.9495 135147 141121 1.40665 202.84 3.715 4,073 5.86
1.0000  1356.24 140822 1.40512 209.54 3.718 4.074 6.13

318.15 K
0.0000 1090.82 156939 1.47841  78.02 3.722 4113 7.48
0.0494  1122.77 153838 1.47018  84.56 3.763 4.136 6.83
0.1025 115044 153028 1.46234  91.71 3.712 4.107 6.56
0.1503  1171.13 152290 1.45591  98.22 3.682 4.090 6.48
02215 1197.78 151176 1.44752 107.87 3.653 4.075 6.42
03376 1237.66 149320 1.43638 123.08 3.624 4.058 6.30
0.4502  1270.34 147477 1.42786 137.54 3.619 4.056 6.17
0.5654  1297.74 145543 1.42089 152.31 3.638 4.066 6.08
0.6527  1314.42 144046 1.41651 163.61 3.667 4.082 6.03
0.7421  1327.83  1424.85 1.41263 175.36 3.710 4.106 5.95
0.8295 1337.36 141133 1.40930 187.12 3.754 4.130 5.84
0.8622  1340.28  1407.45 1.40814 191.57 3.766 4.137 5.81
0.9019  1343.59 140326 1.40678 196.98 3.780 4.145 5.81
0.9495  1347.53  1399.57 1.40523 203.44 3.789 4.149 5.88
1.0000  1352.09  1396.84 1.40371 210.19 3.791 4.150 6.13

323.15 K
0.0000 1086.75  1553.48 1.47649  78.32 3.813 4.199 7.50
0.0494  1118.92  1523.19 1.46840  84.86 3.852 4221 6.93
0.1025  1146.67 151558 1.46059  92.01 3.797 4.190 6.70
0.1503  1167.36  1508.60 1.45419  98.54 3.764 4.172 6.62
0.2215 1193.93  1498.02 1.44588 108.22 3.732 4.155 6.55
03376 1233.75 148024 1.43483 123.47 3.699 4.136 6.40
0.4502 126640 146242 142635 137.97 3.692 4132 6.26
0.5654  1293.77  1443.55 1.41943 15278 3.709 4.142 6.17
0.6527 131045  1428.83 1.41508 164.11 3.738 4.158 6.12
0.7421  1323.87 141340 1.41122 175.89 3.781 4.182 6.04
0.8295 133343  1399.96 140791 187.67 3.826 4207 5.91
0.8622  1336.36  1396.09 1.40676 192.13 3.839 4214 5.87
0.9019  1339.68  1391.89 1.40541 197.56 3.853 4221 5.85
0.9495  1343.57  1388.17 1.40386 204.04 3.862 4226 5.90
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Table 2 continued

X1 P u np Vin Ks Lg oy
(kgm™)  (ms™h 10 m*mol™ (107 Pa") (107"'m) (10*K)
1.0000  1347.95  1385.63 1.40234 210.83 3.864 4227 6.12

Standard uncertainties u are: u(x;) = 0.0001, u(p) =1 kg-m%, u(u) = 0.5 m-s™', u(np) = 0.00005, u(7) =
0.01 K and u(p) = 0.5 kPa. Combined uncertainties (confidence level, 95%): U, (V,,) = £ 0.01 x 107
m*mol™", U, (k;) = £ 0.01 x 107" Pa™", U, (Lp) = £ 0.004 x 107" m, U, (2,) = £ 0.02 x 1074 K",
All the experiments were carried out at atmospheric pressure

Fig. 1 Plots of excess molar —m— 303.15K
volume (Vf’) against mole 06 —e— 308.15K
fraction of [Bmim][PFs] with PY 04 —A—313.15K

-r —v— 318.15K

at different temperatures
—4— 323.15K

0.2

VE/10° m'mol’
S
N

0.0 0.2 0.4 0.6 0.8 1.0
X1

shape at all temperatures with positive VE values in the PY rich region and negative VE
values in the IL rich region. The present observations of VE can be explained based on
microscopic structural changes in the binary system. In the pure state, PY molecules exist
as cyclic dimers due to intermolecular hydrogen bonding. This prevents fitting of PY
molecules (dimers) into the voids of [Bmim][PF¢], which leads to positive excess molar
volumes in the PY rich region. In the IL rich region, the dimeric structure of PY molecules
is disturbed in such a way that breakage of intermolecular H bond occurs and consequently
more favorable fitting of the smaller PY molecules (monomers) takes place into the voids
created by the larger [Bmim][PFs] molecules, giving rise to negative VE values. In addition
to the geometrical fitting, inter molecular hydrogen bond formation between the carbonyl
oxygen of PY and C,-H/C, 5-H of [Bmim]™ is also responsible for the strong interactions
between solute and solvent in the IL rich region. A similar type of behavior for VE is
observed for the rest of studied temperatures. Moreover, the variation of VE for the present
system as a function of temperature becomes more negative with rise in temperature in the
IL rich region. This is because of the fact that there is more favorable fitting of the smaller
PY molecules into the voids created by larger IL molecules, thereby resulting in shrinkage
of the volume of the mixture to a larger extent, resulting in more negative V,E values with
rise in temperature. Therefore, the strength of interaction is enhanced with rise in
temperature.
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The existing molecular interactions in the current binary system are properly reflected in
the properties of partial molar volumes of the constituent molecules. A partial molar
volume is the contribution that a component of a mixture makes to the total volume of the
solution. Therefore, the partial molar volume is a function of mixture composition. The
partial molar volumes mel of component 1 ([Bmim][PFq4]) and V,,, of component 2 (PY)
in the mixtures over the whole composition range have been computed using the rela-
tionships given elsewhere [29].

The calculated values of Vm,l and V

o for the studied binary system are presented in

Table S3 of the supporting information. From the table, it is evident that the values of val
([Bmim][PFg¢]) are bigger in the PY rich region than its individual molar volumes in the
pure state, which reveals expansion of the volume in the PY rich region and contraction of
the volume in the IL rich region when [Bmim][PF] is mixed with PY. In the case of vaz
(PY), the values are bigger than its individual molar volumes over the entire compositioyn
range, which reveals expansion of the volume of PY upon mixing with [Bmim][PFg].

Figures 2 and 3 illustrate the disparity of excess partial molar volumes of Vi‘l
([Bmim][PF¢]) and Vf:n,z (PY), respectively, in the binary mixtures at 7 = (303.15, 308.15,
313.15, 318.15 and 323.15) K. These figures not only show the variation of attractive

forces between the unlike molecules but also support the inferences drawn from the excess
molar volume.

The partial molar volumes (V;ﬁl, sz> and excess partial molar volumes at infinite

dilution (Violo, Vﬁ;o) of [Bmim][PFs] and PY were calculated. The pertinent V,,, V,
and an(f VEZC values are presented in Table 3 at 7 = (303.15, 308.15, 313.15, 318.15 and

323.15) K. Excess partial molar volumes at infinite dilution are of specific interest to
understand the solute—solvent interactions, as solute—solute interactions are assumed to

have disappeared at infinite dilution. Positive values of VZOIC (at 303.15 K) in the mixtures
suggest weaker interactions between ions of [Bmim][PFG] and PY molecules because of
the existence of inter molecular hydrogen bonds in PY. Positive X_/Z;c values for PY at
(303.15, 308.15, 313.15) K are attributed to an ion solvation process and termination of

Fig. 2 Plots ofiexcess partial 30k —=— 303.15K
molar volume V,]f;‘l against mole 25 —e— 308.15K
fraction of [Bmim][PFg] with PY 1 —A—313.15K
at different temperatures 2.0 v—318.15K
15 i —4—323.15K
s 10f
£ s
‘= 0.0
-
“\E -0.5
I~ 10
1.5
-2.0
-2.5 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0
X1
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Fig. 3 Plots of excess partial 2
molar volume \7,1:;2 against mole | —&—303.15K
fraction of [Bmim][PFs] with PY —e—308.15K
at different temperatures 1+ 313.15K
—v—318.15K
I —4—323.15K
T 0
£
s |
¢
= r
\>s' |
2
S . 1 . 1 . I . 1 .
0.0 0.2 0.4 0.6 0.8 1.0

X1

00

Table 3 Partial molar volumes at infinite dilution (V. |, V,.,) and excess partial molar volumes at infinite

dilution (VZT Vﬁ?) of [Bmim][PFg] and 2-pyrrolidinone 7 = (303.15, 308.15, 313.15, 318.15 and 323.15)

K

Temp (K) Vo VE,T Vo VZ;C
(107% m*mol™") (107% m*mol ™)

303.15 208.58 0.32 79.14 1.98

308.15 208.41 —0.49 78.58 1.13

313.15 208.28 - 1.26 77.86 0.13

318.15 208.32 —1.86 77.29 —0.74

323.15 208.35 — 249 76.83 —1.48

Combined  uncertainties  (confidence level, 95%): U (Violo) =4 0.02 x 107° m3-mol’l,
U(Vf;j‘) =+ 0.02 x 10°° m>mol~"

L . . . . —E, —E,
ion—ion interactions in [Bmim][PFg]. As the temperature increases, both Vm"olc and szo

values decrease and become negative. The decrease in ijo and Vi;o values with rise in
temperature indicates an increase in the strength of attractions between solute and solvent
molecules, which further supports the observed trends in VE values for the binary system.

In Fig. 4 the K]SE values for [Bmim][PFs] + PY are seen to be negative except in the PY
rich region at all investigated temperatures. The negative K]SE values are attributed to the
strong attractive interactions between the molecules of the components [29]. This supports
the inference drawn from V,]fl. The intermolecular free length indicates closer approach of
unlike molecules. The trends of the L values (Fig. 5) are similar to % at all investigated
temperatures. Negative values of LE are generally explained as being due to the dominance
of specific interactions between unlike molecules in the liquid mixture and also due to the
structural readjustments in the liquid mixtures towards a less compressible phase of fluid
and closer packing of the molecules [29]. Figure 6 shows that the uF values are positive for
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Fig. 4 Plots of excess isentropic
compressibility K& against mole
fraction of [Bmim][PF¢] with PY
at different temperatures

Fig. 5 Plots of excess free
length LE against mole fraction of
[Bmim][PF¢]with PY at different
temperatures

Fig. 6 Plots of excess ultrasonic
speed of sounds () against mole
fraction of [Bmim][PFg] with PY
at different temperatures
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the system except in the PY rich region at all the studied temperatures. Positive deviations
indicate an increasing strength of interaction between the component molecules of the
binary liquid mixtures [30]. The refractive indices (np) for the binary mixtures at the
studied temperatures over the whole composition range are given in Table 2; the values
increase with increase in the concentration of the ILs in the mixtures and decrease as the
temperature increases for a particular concentration of [Bmim][PF¢]. The values of Agnp
are positive over the range of composition (Fig. 7), which may be attributed to the non-
availability of the free volume in the mixture in comparison with the corresponding ideal
mixtures [31].

This further supports the existence of strong interactions between the constituent

E
molecules in the binary liquid solutions. The values of the excess functions (aaif) and
P

OHE . . Lo ovE OHE .. .
&), are given in Table 4. The variation of (#) and ), are similar with mole
p

. . oo : W,

fraction and temperature but with opposite sign. The negative values of (ﬁ)p for the
studied mixtures may be due to the strong interactions existing between the unlike
molecules of the mixtures [31]. The isothermal pressure coefficient of excess molar

E
enthalpy (aaip) has positive values over the whole composition range. This reflects an
T

increase in attraction forces between the two components of these mixtures caused by
increasing pressure. Hence, contraction in the volume of the mixture is still possible by
increasing the pressure [29, 32].

3.1 Infrared Spectral Studies

The existence of interactions in the system, which were inferred from the above excess/
deviation parameters, is well supported by the IR spectral studies. The unique properties of
imidazolium cations are found in their electronic structure. The hydrogen in C,-H is more
acidic than for C4-H and Cs-H due to the electron deficiency in the C=N bond. The
resultant acidity of the hydrogen atoms is key to understanding the properties of these ionic

T
0.00141 T aaaK
0.0012 —4—323.15K]
0.0010}

;: 0.0008 |-

0.0006 -
0.0004}
0.0002
0.0000 — .
0.0 0.2 0.4 0.6 0.8 1.0

X1

Fig. 7 Plots of deviation in refractive index Aynp against mole fraction of [Bmim][PF¢] with PY at
different temperatures
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Table 4 The values of excess functions (g) and <
T ),

[Bmim][PFg]

X1 (Wﬁ)
oT
P

OHE
oH,

> )T at 298.15 K as a function of mole fraction of

(aH,E)
p T

(107 m*mol =K1 (1076 J-mol~'-Pa™")
0.0000 0.00 0.00
0.0494 - 59 1.88
0.1025 —8.42 2.80
0.1503 —8.89 3.14
0.2215 — 8.46 3.23
0.3376 —7.94 2.93
0.4502 — 847 2.69
0.5654 - 932 2.50
0.6527 —9.99 2.47
0.7421 —10.86 2.68
0.8295 — 1147 3.08
0.8622 — 1127 3.15
0.9019 —10.27 3.01
0.9495 —17.16 2.19
1.0000 0.00 0.00

Standard uncertainties u are: u(x;) = 0.0002, u(7) = 0.01 K and u(p) = 0.5 kPa

Combined uncertainties (confidence level, 95%): U<<PPVTE) ) =+01x 107° m3~mol_1~K_',
P

u(() ) =006 x 107 J-mol~"-Pa”"
P ] 1=298.15K

liquids. The hydrogen on the C, carbon (C,-H) has been shown to bind typically with
solute molecules [33, 34].

In order to study the effects of molecular interactions, the infrared absorbance was
recorded from 650 to 4000 cm ™" (Fig. S1 of the supporting information and Table 5). In
the [Bmim] ™ cation, the C—H stretching region from 2800 to 3200 cm ™' was investigated.
The signals in this region can be separated into two parts: signals between 3000 and
3200 cm ™! can be attributed to C—H vibrational modes mainly arising from the aromatic
imidazolium ring, from the C,—H and C,s—H stretching frequencies [35]. The signals
between 2800 and 3000 cm ™' are due to aliphatic C-H groups in the methyl and butyl
moieties [36—38]. The C,—H vibrational frequency (3124.5 cm™Y) is shifted to lower fre-
quencies by about 45.4 cm™' when compared to the C,~H and Cs—H stretches
(3169.9 cm ') because of its stronger acidic character. In the present mixtures, the C,—H
and C,5—H stretching frequencies of the cation are analyzed (Fig. 8). The experimental
ATR-IR spectra for PY for the N-H stretching and C=O stretching (Fig. 8) of the amide
spectral regions are reported. A wide peak with a maximum at 3228.0 cm™" for the N-H
stretching (hydrogen bonded) and a narrower peak at 1688.2 cm ™', corresponding C=0
stretching of the amide region of pure PY, are observed. The absence of a peak around
3430.0 cm ™! (free N-H) shows that there is no presence of monomeric, nonassociated, PY
molecules in its pure state. PY molecules are self-associated through hydrogen bonding
and exist as a cyclic dimer (Fig. 9) in its pure state [39].
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Table 5 Infrared absorbance wave numbers between 2800 and 3200 cm™' of [Bmim][PFs] in PY at room
temperature and atmospheric pressure p = 101.3 kPa

Mole fraction of Mole fraction of C,-H Cy5-H Free N-H C=0
[Bmim][PFg] PY stretching stretching stretch stretch
1.0000 0.0000 3124.5 3169.9 - -
0.9019 0.0981 31235 3169.2 - 1666.1
0.8295 0.1705 3123.2 3168.8 3433.8 1667.8
0.7421 0.2579 3122.8 3168.7 3432.1 1674.8
0.6527 0.3473 31223 3168.5 3432.5 1678.8
0.5654 0.4346 3121.2 3168.4 3431.2 1681.1
0.4502 0.5498 3119.8 3167.8 3430.9 1683.7
0.3376 0.6624 3118.2 3167.2 3430.6 1685.3
0.2215 0.7785 3115.1 3167.1 3428.7 1686.5
0.1025 0.8975 - - 3428.1 1687.1
0.0000 1.0000 - - 3424.9 1688.2
1500 1550 1600 1650 1700 1750 1800 3000 3100 3200 3300 3400 3500 3600
x I I I I I X I I I I

- TN -

absorbance
F
absorbance
F

w w

o I I I [a) I I I I

(@] I I I o I I :

<l /N < N

1500 1550 1600 1650 1700 1750 1800 3000 31'00 32‘00 33‘00 3400 3500 3600
wave number (cm™) wave number (cm'’)

Fig. 8 Infrared spectra between 1500 and 1800 cm™' and between 3000 and 3600 cm™! of: (A) pure IL
[Bmim][PF¢]; (B) 0.9019; (C) 0.8295; (D) 0.7421; (E) 0.6527; (F) 0.5654; (G) 0.4502; (H) 0.3376;
(I) 0.2215; (J) 0.1025 and (K) pure PY where. (B-J) are the the mole fraction of [Bmim][PFs] in PY

As the mole fraction of PY increases, an observed red shift in the C,—H and C4s—H
stretching frequencies indicates the formation of a hydrogen bond between [Bmim]"
and PY. The red shift is very predominant in the C,—H frequencies when compared to the
C4s—H stretching frequencies, which indicates that the more acidic C,—H plays a major
role in the formation of a hydrogen bond with the carbonyl oxygen of PY (Fig. 10).
Simultaneously, a clear blue shift in C=0 Sym Stretch frequencies is observed because of
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Fig. 9 Dimeric structure of PY H------- (0]

the breakup of strong hydrogen bonds in the cyclic dimeric PY. A wide peak with a
maximum at 3228.0 cm™" for the N—H stretching belonging to the cyclic dimer appears in
the PY rich region only. As the mole fraction of IL increases it gradually disappears and a
sharp peak around 3430.0 cm ™' appears that is assigned to free N-H. This also indicates
that the N-H proton has no role in the formation of hydrogen bonds in the mixtures.

By examining the ATR-FTIR, it can be concluded that hydrogen bonds exist exten-
sively in such systems which play a key role towards the miscibility and stability of the
[Bmim][PF¢] + PY binary system. Hence, it can be assumed that the cyclic dimer in the
PY rich region is responsible for the expansion of volume and contraction in the IL rich
region because of hydrogen bond formation between the ionic liquid [Bmim][PF¢] and PY.

3.2 Prigogine-Flory-Patterson Statistical Theory for Excess Molar Volume
Vin

The Prigogine-Flory—Patterson (PFP) theory may be used to analyze and correlate the
experimental excess molar volumes of binary mixtures [40, 41]. We have correlated V,E of
the binary mixtures using PFP theory over the entire range of mole fractions at
T = 303.15-323.15 K. The PFP theory considers VE as having three different contributions
[42—44]: (i) an interaction contribution Vil;:n,
specific interactions according to the sign of H,‘;:,, (ii) a free volume contribution VfF;, which
is associated with the reduced volume-to-reduced temperature ratio with a negative sign,
and (iii) an internal pressure contribution,VpE*, which is associated with breaking of the IL

structure upon introduction of molecular organic solvents and changes in the reduced

which is associated with intermolecular

Fig. 10 Inter molecular —
hydrogen bonded structure
between [Bmim][PFs] and PY N*—
\/\/ N /
H
/
1
1
1
1
1
/
(O]
HN
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volume of components and has positive or negative sign. The method of calculation of
various parameters of the theory based on relevant equations are given elsewhere [45].
The pure components parameters for the PFP theory are included in Table 6. The Flory
contact interaction parameter y,,, the only adjustable parameter needed in the PFP theory,
was obtained from the experimental V,E values in the absence of the experimental excess
molar enthalpies (H,‘;:l) The Flory contact interaction parameter y;, was found to be
negative for all of the investigated temperatures. The values of three contributions: VE, VE
and V[’;: to V,‘fl (PFP), at equimolar compositions are summarized in Table 7. The first term

Vi'it is negative, which suggests that strong interactions take place in the binary mixtures.

The interactional contributions are negative at all temperatures. The second term VE was
found to be negative for the system studied (Table 7) as VE is proportional to — (Vl - \72)2
[41]. The magnitude of negative values for VE depends upon difference between Flory’s
reduced volumes of the components. Negative values of VE increase in magnitude as the
temperature increases, which shows that as the temperature increases, more free volume in
[Bmim][PF¢] becomes available to accommodate the smaller PY molecules that resulted in
the more negative VE values. For the third term, the characteristic pressure effect Vl‘f*, the
P* effect which depends on the relative cohesive energy of the expanded and less
expanded component, is found to be positive at all investigated temperatures. It is pro-
portional to (V; —V5)(p; —p3) and can have both the negative and positive sign
depending upon the magnitude of p; and Vi* of the unlike components [45]. For the system
[Bmim][PFg] + PY, Vf* is positive which is related to the structure-braking effect of PY
on the electrostatic interactions between the ions of [Bmim][PFg], and so the PY molecules
can be placed around the [Bmim]" and [PF¢]~ ions [41, 45]. In the present system, Vf1t and
VE are found to be negative while V;z is found to be positive which shows that the
interaction and free volume contributions are responsible for the overall strong interactions
between solute and solvent molecules. We can conclude that it is possible to explain the
volumetric behavior of [Bmim][PF¢] + PY binary mixtures quite successfully by appli-
cation of the PFP theory.

Table 6 Characteristic and

reduced parameters for the pure T (K) 14 Vi 6 3 1 Pi _6 _
components, used in PFP theory, (107" m™-mol ™) (107" J-mol ™)
at various temperatures .
[Bmim][PF¢]
303.15 1.1653 178.71 608.45
308.15 1.1676 178.91 609.14
313.15 1.1699 179.11 609.77
318.15 1.1722 179.31 610.35
323.15 1.1745 179.51 610.82
PY
303.15 1.1949 64.57 761.40
308.15 1.1982 64.63 762.79
313.15 1.2015 64.70 764.08
318.15 1.2048 64.76 765.04
323.15 1.2081 64.83 765.82
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Table 7 PFP interaction parameter, y;,, and calculated values of the three contributions from the PFP
theory at equimolar composition for the ([Bmim][PF¢] + PY) system at 7' = (303.15-323.15) K

T 112 Ve (int) Ve (fv) Vi (ip)
(K) (10° J-m™3) (1078 m*mol ™)

303.15 — 61.8168 — 0.6938 — 0.0371 0.1754
308.15 — 63.2611 —0.7233 — 0.0396 0.1820
313.15 — 64.8821 — 0.7556 —0.0423 0.1888
318.15 — 66.5222 — 0.7890 — 0.0451 0.1954
323.15 — 68.1638 —0.8233 — 0.0480 0.2021

4 Conclusions

In this study, measured densities, ultrasonic speeds of sound and refractive indices for
binary liquids of [Bmim][PF¢] with PY over the entire composition range at temperatures
(303.15, 308.15, 313.15, 318.15 and 323.15) K at atmospheric pressure have been used to
compute excess/deviation properties. The observed excess values clearly reflect the
dominance of strong attractive forces in IL rich region. The attractive forces are further
increased with rise in temperature. The IR spectral studies also support inferences drawn
from the excess properties. The more acidic C,—H of the imidazolium cation plays a major
role in the formation of hydrogen a bond with the carbonyl oxygen of PY. It was observed
that the cyclic dimer in the PY rich region is responsible for the expansion of volume and
contraction in the IL rich region because of hydrogen bond formation between the ionic
liquid [Bmim][PF¢] and PY. The PFP theory was able to explain the volumetric behavior
of the system quite successfully.
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