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Density, Excess Molar Volume, and Viscosity for the Methyl Methacrylate +
1-Butyl-3-methylimidazolium Hexafluorophosphate Ionic Liquid Binary System at

Atmospheric Pressure
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Beijing 100190, People’s Republic of China, and College of Chemical Engineering, Kaifeng University,
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Densities and viscosities for the methyl methacrylate (MMA) and 1-butyl-3-methylimidazolium hexafluo-
rophosphate ([BMIM][PF]) ionic liquid binary system, over the whole concentration range in the temperature
range from (283.15 to 353.15) K, were measured by using an Anton Paar DMA 5000 densimeter and an
Anton Paar AMVn Measuring Assembly, respectively. The excess molar volumes VE were calculated by
using the measured experimental densities and correlated by the Redlich—Kister type equation. The correlation
results are in good agreement with the experimental data, and optimal fitting parameters are present. All the
VE values within the scope of research are negative and become more and more negative with increasing

temperature.

Introduction

In recent years, room temperature ionic liquids (RTILs)
composed of an organic cation and organic or inorganic anion
have attracted the attention of a growing number of scientists
and engineers for their potential applications as greener “de-
signer solvents”. 1-Butyl-3-methylimidazolium hexafluorophos-
phate ionic liquid ((BMIM][PF], its structure shown in Scheme
1) is one of the most important traditional ionic liquids and has
been widely used in the fields of separation, catalysis, and
synthesis, etc.' > Additionally, RTILs have recently attracted
more and more concern as media for polymerization. Conven-
tional or controlled radical polymerization of methyl methacry-
late (MMA) has been carried out in various RTILs. Zhang et
al.! first reported the nitroxide-mediated free radical polymeriza-
tions of styrene and MMA in [BMIM][PFs], and Hawker’s
group used them to mediate free radical polymerizations of
styrene and MMA which were carried out in the same ILs under
various conditions. Haddleton et al.” reported the first example
of transition metal mediated living-radical polymerization of
MMA in a RTIL and found that the rate of polymerization was
enhanced compared to that in other polar or coordinating
solvents.

In spite of the importance of ILs and their interesting
applications, accurate values for many of their fundamental
physical and chemical properties are either scarce or even absent.
Although it is important for the design of technological process,
the detailed knowledge on thermodynamic and transport proper-
ties of the mixture of ionic liquids with other molecular solvents
is very limited. Specifically, experimental data of density and
viscosity of a binary mixture are important not only to design
chemical industry separation processes and transport equipment
but also to predict the properties and characteristics of ILs from
the theoretical point of view. It is essential to design the process
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Scheme 1. Molecular Structure of 1-Butyl-3-
methylimidazolium Hexafluorophosphate

— N@N\/\/ PFy

involving ionic liquids on an industrial scale.* > To our best
knowledge, no experimental density and viscosity data for the
MMA and [BMIM][PF¢] binary system have been reported in
the literature, though the polymerization of MMA in [BMIM]-
[PF¢] has been reported.

In our previous work, the density and viscosity measurements
on the MMA and methanol binary system over the whole
composition range were reported.® In this work, the densities
and viscosities for MMA (1) + [BMIM][PFs] (2) binary
mixtures have been measured over the entire composition from
(283.15 to 353.15) K, from which the excess molar volumes
VE have been calculated and correlated by the Redlich—Kister
polynomial equation. Optimal fitting parameters are presented,
and the effect of MMA concentration on the association behavior
of the [BMIM][PF¢] is also investigated.

Experimental Section

Materials. Methyl methacrylate (MMA) with > 99.0 % mass
fraction was obtained from Yili Fine Chemical Co. Ltd., Beijing,
China. The purity of MMA was detected by gas chromatogra-
phy, and it was used without further purification. [BMIM][PF]
with 284.18 g+mol~! molar mass, > 99.0 % mass fraction, and
< 0.1 % water mass fraction (supplied data) was obtained from
Henan Lihua Pharmaceutical Co, Ltd. [BMIM][PF¢] ionic liquid
was dried under vacuum at 70 °C for at least 48 h before use.
Below 100 ppm, water contents in the experimental samples
were analyzed by Karl Fisher titration (751 GPD Titrino,
Metrohm, Switzerland). During the experimental process, the
purity of the solvents was monitored by comparison of density
measurements with the literature data.

Apparatus and Procedure. The binary mixtures were pre-
pared by filling glass vials with [BMIM][PF¢] and MMA, and
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Table 1. Densities p and Viscosities 7 of MMA and [BMIM][PF,] at Different Temperatures

pl(gcm™3) n/(mPa-s)
compds T/IK exptl lit. Er % exptl lit. Er %
[BMIM][PF] 283.15 1.380337 1.38032! 0.0027 802.1 75521 6.2384
288.15 1.376063 1.3760%! 0.0046 552.6 521! 6.0653
524.4% 5.3776
293.15 1.371797 1.37156*? 0.0173 389.8 369! 5.6369
1.3717% 0.0007 3823 2.0419
1.3703 0.1312 366.7%° 6.2994
298.15 1.367531 1.366657% 0.0639 282.2 2732 3.3700
1.36595%* 0.1157 2813 0.4270
1.36722' 0.0227 269.0% 49071
1.3674%! 0.0009
303.15 1.363277 1.36240% 0.0644 209.2 202! 3.5644
1.36286'* 0.0306 199.7% 47571
1.363192! 0.0006
308.15 1.359191 1.35856' 0.0464 159.1 158.42! 0.4419
1.35876%2 0.0317 153.9% 3.3788
313.15 1.355087 1.35430™ 0.0581 123.4 1202 2.8333
1.3550%! 0.0006 120.7% 2.2369
1.35419%3 0.0662 1193 3.6975
1.35434 0.0803
318.15 1.350980 1.35032%2 0.0489 97.78
323.15 1.346874 1.34598'4 0.0664 78.77 74.921 5.1669
1.34682! 0.0005
328.15 1.342781 61.34
333.15 1.338696 1.3386%2 0.0072 50.38 49,52 1.7778
1.3373 0.1268 52.5% —4.0381
343.15 1.330560 1.330452! 0.0083 35.25 34.7%! 1.5850
353.15 1.322473 1.32238%! 0.0070 25.77 25.5%! 1.0588
1.3213 0.1115 2573 0.2724
MMA 283.15 0.954802 0.6808
288.15 0.949097 0.6337
293.15 0.943365 0.5899
298.15 0.937615 0.93780°° —0.0197 0.5540 0.584%° —5.1370
0.93763%¢ —0.0001
0.93766%7 —0.0005
303.15 0.931837 0.93174%° 0.0104 0.5248
0.93174%% 0.0104
308.15 0.926032 0.92574%¢ 0.0315 0.4956 0.492%° 0.7317
0.9257%8 0.0359
313.15 0.920185 0.92026%° —0.0081 0.4719
318.15 0.914317 0.4497
323.15 0.908405 0.4294
328.15 0.902468 0.4100
333.15 0.896479 0.3938
343.15 0.884418 0.3636
353.15 0.872129 0.3398

vials were closed with screw caps ensuring a secure seal and to
prevent humidity. The mixtures of the various compositions
were freshly prepared and taken from the vial with the syringe
and then were put into an apparatus immediately to prevent
the mixtures from atmospheric moisture. Density and viscosity
were measured at the same time using the same samples to
reduce the experimental error.

The detailed experimental apparatus and measuring procedure
have been described in our previous work.® Density was
measured by an Anton Paar DMA 5000 high-precision vibrating
tube densimeter with an accuracy of £ 1-107° g-cm™3, which
was calibrated with ultrapure water and dry air, and the
uncertainty in density measurements was 4= 5+107¢ g-cm ™. The
highest temperature accuracy (£ 0.001 K) is controlled traceably
to national standards by two integrated Pt 100 platinum
thermometers. Viscosity was measured by an Anton Paar AMVn
Automated Mircoviscometer (reproducibility < 0.5 %, repeat-
ability < 0.1 %).” Various combinations of capillary/ball with
different diameters (1.6 mm, 1.8 mm, 3.0 mm, 4.0 mm, etc.)
can be selected allowing us to measure viscosities from (0.3 to
2500) mPa-s. Calibration was carried out using ultrapure water

or viscosity standard oils (No.H117) (Anton Paar Co). The
temperature is controlled by a built-in precise Peltier thermostat
within £ 0.01 K. The experimental data of pure components
and compared with the literature data were given in Table 1.
The overall average relative error (Er) of density and viscosity
measurements for [BMIM][PFs] and MMA is less than 0.036
% and 2.612 %, respectively. The results show that our
experimental data are in good agreement with literature data.

Results and Discussion

Experimental density p and viscosity # results of the MMA
(1) + [BMIM][PF] (2) binary system were reported in Table
2, in which MMA mole fraction (x;) was a function over the
temperature range (283.15 to 353.15) K. Excess molar volumes
VE were calculated from the experimental results by the
following equation

VE— xM, + x,M, 3 x\M, 3 x,M,
Pum Py P2

where x;, p;, and M; are the mole fraction, density, and molar
masses of the pure component i, respectively, the subscript M

ey
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Table 3. Coefficients of the Redich—Kister Equation for V¥ of the MMA (1) + [BMIM][PF,] (2) System

properties T/K Ag Ay A, Aj Ay As o
VE/(cm?+mol™") 283.15 —6.6366 —3.4870 —0.3126 —2.8169 —5.9969 —1.7083 0.0413
288.15 —6.9106 —3.6104 —0.5462 —2.4584 —5.6662 —2.4074 0.0409
293.15 —7.1819 —3.4340 —0.0111 —2.0718 —6.3390 —3.5686 0.0358
298.15 —=7.5117 —3.8814 —0.8667 —1.9475 —5.4966 —3.1821 0.0408
303.15 —=7.7011 —4.1592 —0.8606 —1.9492 —5.2487 —3.5617 0.0411
308.15 —8.1358 —4.2126 —0.9165 —1.9435 —5.8163 —3.0416 0.0420
313.15 —8.4604 —4.4153 —0.9290 —1.9321 —5.9161 —3.0872 0.0427
318.15 —8.8038 —4.6218 —0.9353 —1.9483 —6.0275 —3.0751 0.0433
323.15 —9.1707 —4.8644 —0.9026 —1.8754 —6.2403 —3.1413 0.0411
328.15 —9.5567 —=5.1771 —0.6715 —1.7114 —6.7985 —3.2377 0.0457
333.15 —9.9799 —5.0244 —1.2047 —2.9163 —6.0258 —2.5313 0.0501
343.15 —10.8471 —5.2943 —2.2804 —2.1481 —4.7568 —4.6319 0.0569
353.15 —11.8358 —5.8191 —1.9766 —3.1960 —5.5168 —3.3728 0.0597

represents mixture properties. The data of excess molar volume
were also presented in Table 2 and were correlated by the
Redlich—Kister polynomial equation®

5
VE = x5 XAy — 1)t 2)
k=0

where the coefficients of A, are adjustable parameters which
were obtained by fitting the equations to the experimental values
with a least-squares method.

The correlated results for excess molar volumes, including
the values of the parameters A, together with the standard
deviation o, were given in Table 3, in which the tabulated
standard deviation o was defined as follows

2
g [ Z(VEXptl - Vfalcd)z]l (3)
n—p

where n is the number of data points and p is the number of
coefficients. The subscripts, exptl and calcd, denoted the
experimental and the calculated value, respectively.”'* The
relative deviation between the experimental and calculated value
of all data point was less than 0.04.

As seen from Table 3, the experimentally derived excess
molar volumes were correlated satisfactorily by the Redlich—
Kister equation. The excess molar volume VE of mixtures versus
the mole fraction of MMA from (283.15 to 353.15) K was
plotted in Figure 1. It shows that the excess molar volumes VE
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Figure 1. Excess molar volume VE vs mole fraction x of methyl methacrylate
for MMA (1) + [BMIM][PF] (2). W, 283.15 K; O, 288.15 K; 4, 293.15
K; v, 298.15 K; solid triangle pointing left, 303.15 K; solid triangle pointing
right, 308.15 K; @, 313.15 K; O, 318.15 K; —, 323.15 K; +, 328.15 K; 4,
333.15 K; 0, 343.15 K; x, 353.15 K. The symbols represent experimental
values, and the solid curves represent the values calculated from eq 2.

are asymmetric and negative for all of these systems studied
over the entire composition range, that a minimum in VE is
reached with mole fraction of MMA near x; = 0.7, and that the
absolute values of the excess volume VE increase with increasing
temperature. A similar phenomenon has been observed for
[BMIM][PFs] + benzyl alcohol and [BMIM][PF¢] + benzal-
dehyde systems by Zhong et al.'’ and for acetonitrile +
[BMIM][PF;] systems by Huo et al.'* The negative excess molar
volumes indicated that a more efficient packing and/or attractive
interaction occurred when the [BMIM][PF¢] and MMA were
mixed.

However, Holbrey and Seddon'® found that ionic liquids
(including [BMIM][PFs] and [BMIM][BF,]) exhibited liquid
clathrate formation in trichloromethane with a ratio of ionic
liquid/CHCI; (1:3). Rogers and co-workers'® reported the
formation of liquid clathrates with various ratios in (ionic liquid
+ aromatic) mixtures. Wang et al.'” and Zhong et al.'® suggested
that quasiclathrates were probably formed in the mixtures of
[BMIM][PFs] + organic components. They addressed the issue
that at least an unusual structure appeared in the vicinity of
this particular composition of the mixtures (x = 0.3).'*72° The
quasiclathrates are probably also formed in the mixtures of
[BMIM][PFs] + MMA studied, and a minimum in VF is reached
with the mole fraction of [BMIM][PFg] near 0.3.39732

Conclusions

New experimental data of density and viscosity for the
mixture of MMA + [BMIM][PFs] were measured over the entire
range of compositions at atmospheric pressure from (283.15 to
353.15) K, from which the excess molar volumes VF were
calculated and the Redlich—Kister polynomial equation was
applied successfully for the correlation of the excess molar
volumes. The estimated coefficients and standard deviation
values were also presented. It was found that density and
viscosity for pure components or mixtures decreased with
increasing temperature, and viscosity was more sensitive than
density to temperature or composition change. It was found that
all of these calculated quantities were negative, and the
Redlich—Kister fitting curves were asymmetric.

Literature Cited

(1) Zhang, H. W.; Hong, K. L.; Mays, J. W. First report of nitroxide
mediated polymerization in an ionic liquid. Polym. Bull. 2004, 52,
9-16.

(2) Carmichael, J.; Haddleton, D. M.; Bon, S. A. F.; Seddon, K. R. Copper
(I) mediated living radical polymerization in an ionic liquid. Chem.
Commun. 2000, 14, 1237-1238.

(3) Zhou, Q.; Wang, L. S.; Chen, H. P. Densities and viscosities of 1-butyl-
3-methylimidazolium terafluoroborate + H,O binary mixtures from
(303.18 to 353.15) K. J. Chem. Eng. Data 2006, 51, 905-908.

(4) Vercher, E.; Orchille’s, A. V.; Miguel, P. J.; Andreu, A. M. Volumetric
and ultrasonic studies of 1-ethyl-3-methylimidazolium trifluoromethane-



sulfonate ionic liquid with methanol, ethanol, 1-propanol, and water
at several temperatures. J. Chem. Eng. Data 2007, 52, 1468—1482.

(5) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.;
Broker, G. A.; Rogers, R. D. Characterization and comparison of
hydrophilic and hydrophobic room temperature ionic liquids incor-
porating the imidazolium cation. Green Chem. 2001, 3, 156—-164.

(6) Fan, W.; Zhou, Q.; Zhang, S. J.; Yan, R. Y. Excess molar volume
and viscosity deviation for methanol + methyl methacrylate binary
system at 7 = (283.15 to 333.15) K. J. Chem. Eng. Data 2008, 53,
1836-1840.

(7) http://www.anton-paar.com/GB/en.

(8) Redlich, O.; Kister, A. T. Thermodynamics of nonelectrolyte solutions,
algebraic representation of thermodynamic properties and the clas-
sification of solutions. Ing. Eng. Chem. 1948, 40, 345-348.

(9) Li, W. J.; Zhang, Z. F.; Han, B. X.; Hu, S. Q.; Xie, Y.; Yang, G. Y.
Effect of water and organic solvents on the ionic dissociation of ionic
liquids. J. Phys. Chem. B 2007, 111, 6452-6456.

(10) Paul, A.; Mandal, P. K.; Samanta, A. On the optical properties of the
imidazolium ionic liquids. J. Phys. Chem. B 2005, 109, 9148-9153.

(11) Wang, Y.; Voth, G. A. Unique spatial heterogeneity in ionic liquids.
J. Am. Chem. Soc. 2005, 127, 12192-12193.

(12) Canongia, Lopes, J. N. A.; Padua, A. A. H. Nanostructural organization
in ionic liquids. J. Phys. Chem. B 2006, 110, 3330-3335.

(13) Zhong, Y.; Wang, H.; Diao, K. Densities and excess volumes of binary
mixtures of the ionic liquid 1-butyl-3-methylimidazolium hexafluo-
rophosphate with aromatic compound at 7= (298.15 to 313.15) K.
J. Chem. Thermodyn. 2006, 39, 291-296.

(14) Huo, Y.; Xia, S. Q.; Ma, P. S. Densities of ionic liquids, 1-butyl-3-
methylimidazolium hexafluorophosphate and 1-butyl-3-methylimida-
zolium tetrafluoroborate, with benzene, acetonitrile, and 1-propanol
at T = (293.15 to 343.15) K. J. Chem. Eng. Data 2007, 52, 2077—
2082.

(15) Holbrey, J. D.; Seddon, K. R. The phase behavior of I-alkyl-3-
methylimidazolium tetrafluoroborates; ionic liquids and ionic liquid
crystals. J. Chem. Soc., Dalton Trans. 1999, 2133-2139.

(16) Holbrey, J. D.; Reichert, M.; Nieuwenhuyzen, M.; Sheppard, O.;
Hardacre, C.; Rogers, R. D. Liquid clathrate formation in ionic
liquidaromatic mixtures. Chem. Commun. 2003, 14, 476-4717.

(17) Wang, J.; Zhu, A.; Zhao, Y.; Zhuo, K. Excess molar volumes and
excess logarithm viscosities for binary mixtures of the ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate with some organic
compounds. J. Solution Chem. 2005, 34, 585-596.

(18) Zafarani-Moattar, M. T.; Majdan-Cegincara, R. Viscosity, density,
speed of sound, and refractive index of binary mixtures of organic
solvent + ionic liquid, 1-butyl-3-methylimidazolium hexafluorophos-
phate at 298. 15 K. J. Chem. Eng. Data 2007, 52, 2359-2364.

(19) Poole, C. F. Chromatographic and spectroscopic methods for the
determination of solvent properties of room temperature ionic liquids.
J. Chromatogr. A 2004, 1037, 49-82.

(20) Aznarez, S.; de Ruiz Holgado, M. M. E. F.; Arancibia, E. L. Viscosity
of mixtures of 2-alkanols with tetraethyleneglycol dimethyl ether at
different temperatures. J. Mol. Lig. 2006, 124, 78-83.

(21) Harris, K. R.; Woolf, L. A.; Kanakubo, M. Temperature and pressure
dependence of the viscosity of the ionic liquid 1-butyl-3-methylimi-
dazolium hexafluorophosphate. J. Chem. Eng. Data 2005, 50, 1777—
1782.

(22) Pereiro, A. B.; Legido, J. L.; Rodriguez, A. Physical properties of
ionic liquids based on 1-alkyl-3-methylimidazolium cation and

Journal of Chemical & Engineering Data, Vol. 54, No. 8, 2009 2311

hexafluorophosphate asanion and temperature dependence. J. Chem.
Thermodyn. 2007, 39, 1168-1175.

(23) Zafarani-Moattar, M. T.; Shekaari, H. Volumetric and speed of sound
of ionic liquid, 1-butyl-3-methylimidazolium hexafluorophosphate with
acetonitrile and methanol at 7= (298.15 to 318.15) K. J. Chem. Eng.
Data 2005, 50, 1694—-1699.

(24) Fredlake, C. P.; Crosthwaite, J. M.; Hert, D. G.; Aki, S. N. V. K;
Brennecke, J. F. Thermodynamical properties of imidazolium-based
ionic liquids. J. Chem. Eng. Data 2004, 49, 954-961.

(25) Zhang, D. A.; Benson, G. C.; Kumaran, M. K. Excess thermodynamic
properties for methyl methacrylate + methanol and + ethanol. J. Chem.
Thermodyn. 1986, 18, 149-158.

(26) George, J.; Sastry, N. V. Densities, excess molar volumes at 7 =
(298.15 to 313.15) K, speeds of sound, excess isentropic compress-
ibilities, relative permittivities, and deviations in molar polarizations
at 7 = (298.15 and 308.15) K for methyl methacrylate + 2-butoxy-
ethanol or dibutyl ether + benzene, toluene, or p-xylene. J. Chem.
Eng. Data 2004, 49, 1116-1126.

(27) Dominiguez, M.; Lopez, M. C.; Santafe, J.; Royo, F. M.; Urieta, J. S.
Densities, speeds of sound, and isentropic compressibilities of binary
and ternary mixtures containing CH3;(CH,);OH, CH3(CH,),CH3, and
CH;(CH,);NH, at a temperature of 298.15 K. J. Chem. Thermodyn.
1997, 29, 99-109.

(28) Sastry, N. V.; Raj, M. M. Excess volumes and excess isentropic
compressibilities of methyl methacrylate + 1-alcohols at 303.15 and
313.15 K. Thermochim. Acta 1995, 257, 39-50.

(29) Sastry, N. V.; Patel, S. R. Densities, viscosities, sound speeds, and
excess properties of binary mixtures of methyl methacrylate with
alkoxyethanols and 1-alcohols at 298.15 and 308.15 K. Int. J.
Thermophys. 2000, 21, 1153-1174.

(30) Zhang, S.J.; Yuan, X. L.; Chen, Y. H.; Zhang, X. P. Solubilities of
CO, in 1-Butyl-3- Methylimidazolium Hexafluorophosphate and
1,1,3,3-Tetramethylguanidium Lactete at Elevated Pressures. J. Chem.
Eng. Data 2005, 50, 1582-1585.

(31) Kinart, C. M.; Kinart, W. J. Physicochemical methods used to study
internal structures of liquid binary mixtures. Phys. Chem. Lig. 2000,
38, 155-180.

(32) Zhang, S. J.; Li, X.; Chen, H. P.; Wang, J. F.; Zhang, J. M.; Zhang,
M. L. Determination of physical properties for the binary system of
1-ethyl-3-methylimidazolium tetrafluoroborate + H,O. J. Chem. Eng.
Data 2004, 49, 760-764.

(33) Shim, T.; Lee, M. H.; Kim, D.; Ouchi, Y. Comparison of photophysical
properties of the hemicyanine dyes in ionic and nonionic solvents. J.
Phys. Chem. B 2008, 112, 1906-1912.

(34) Tomida, D.; Kumagai, A.; Qiao, K.; Yokoyama, C. Viscosity of
[bmim][PFs] and [bmim][BF,] at high pressure. Int. J. Thermophys.
2006, 27, 39-47.

(35) Qi, M.; Wua, G.; Li, Q.; Luo, Y. y-Radiation effect on ionic liquid
[bmim][BF4]. Radiat. Phys. Chem. 2008, 77, 877-883.

Received for review June 25, 2008. Accepted May 17, 2009. This
research was supported financially by the National Natural Science
Funds for Distinguished Young Scholar (Grant No. 20625618), the
National Natural Science Foundation of China (Grant No. 20806083),
and the National 863 Program of China (Grant No. 2006AA06Z376).

JE900091B



