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Densities and viscosities for the methyl methacrylate (MMA) and 1-butyl-3-methylimidazolium hexafluo-
rophosphate ([BMIM][PF6]) 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][PF6], 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.1-3 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.1 first reported the nitroxide-mediated free radical polymeriza-
tions of styrene and MMA in [BMIM][PF6], 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.2 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

involving ionic liquids on an industrial scale.3-5 To our best
knowledge, no experimental density and viscosity data for the
MMA and [BMIM][PF6] binary system have been reported in
the literature, though the polymerization of MMA in [BMIM]-
[PF6] 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.6 In this work, the densities
and viscosities for MMA (1) + [BMIM][PF6] (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][PF6] 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][PF6]
with 284.18 g ·mol-1 molar mass, > 99.0 % mass fraction, and
< 0.1 % water mass fraction (supplied data) was obtained from
Henan Lihua Pharmaceutical Co, Ltd. [BMIM][PF6] 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][PF6] and MMA, and
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Scheme 1. Molecular Structure of 1-Butyl-3-
methylimidazolium Hexafluorophosphate
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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.6 Density was
measured by an Anton Paar DMA 5000 high-precision vibrating
tube densimeter with an accuracy of ( 1 ·10-6 g · cm-3, which
was calibrated with ultrapure water and dry air, and the
uncertainty in density measurements was ( 5 ·10-6 g · cm-3. 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 %).7 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][PF6] 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 F and viscosity η results of the MMA
(1) + [BMIM][PF6] (2) binary system were reported in Table
2, in which MMA mole fraction (x1) 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 )
x1M1 + x2M2

FM
-

x1M1

F1
-

x2M2

F2
(1)

where xi, Fi, and Mi are the mole fraction, density, and molar
masses of the pure component i, respectively, the subscript M

Table 1. Densities G and Viscosities η of MMA and [BMIM][PF6] at Different Temperatures

F/(g · cm-3) η/(mPa · s)

compds T/K exptl lit. Er % exptl lit. Er %

[BMIM][PF6] 283.15 1.380337 1.380321 0.0027 802.1 75521 6.2384
288.15 1.376063 1.376021 0.0046 552.6 52121 6.0653

524.435 5.3776
293.15 1.371797 1.3715622 0.0173 389.8 36921 5.6369

1.371721 0.0007 38234 2.0419
1.37034 0.1312 366.735 6.2994

298.15 1.367531 1.36665723 0.0639 282.2 27321 3.3700
1.3659524 0.1157 28133 0.4270
1.3672214 0.0227 269.035 4.9071
1.367421 0.0009

303.15 1.363277 1.3624023 0.0644 209.2 20221 3.5644
1.3628614 0.0306 199.735 4.7571
1.3631921 0.0006

308.15 1.359191 1.3585614 0.0464 159.1 158.421 0.4419
1.3587622 0.0317 153.935 3.3788

313.15 1.355087 1.3543014 0.0581 123.4 12021 2.8333
1.355021 0.0006 120.735 2.2369
1.3541923 0.0662 11934 3.6975
1.35434 0.0803

318.15 1.350980 1.3503222 0.0489 97.78
323.15 1.346874 1.3459814 0.0664 78.77 74.921 5.1669

1.346821 0.0005
328.15 1.342781 61.34
333.15 1.338696 1.338622 0.0072 50.38 49.521 1.7778

1.33734 0.1268 52.534 -4.0381
343.15 1.330560 1.3304521 0.0083 35.25 34.721 1.5850
353.15 1.322473 1.3223821 0.0070 25.77 25.521 1.0588

1.32134 0.1115 25.734 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 0.9378025 -0.0197 0.5540 0.58429 -5.1370

0.9376326 -0.0001
0.9376627 -0.0005

303.15 0.931837 0.9317426 0.0104 0.5248
0.9317428 0.0104

308.15 0.926032 0.9257426 0.0315 0.4956 0.49229 0.7317
0.925728 0.0359

313.15 0.920185 0.9202626 -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
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represents mixture properties. The data of excess molar volume
were also presented in Table 2 and were correlated by the
Redlich-Kister polynomial equation8

VE ) x1x2 ∑
k)0

5

Ak(x1 - x2)
k (2)

where the coefficients of Ak 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 Ak together with the standard
deviation σ, were given in Table 3, in which the tabulated
standard deviation σ was defined as follows

σ ) [ ∑ (Vexptl
E - Vcalcd

E )2

n - p ]1/2

(3)

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.9-12 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

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 x1 ) 0.7, and that the
absolute values of the excess volume VE increase with increasing
temperature. A similar phenomenon has been observed for
[BMIM][PF6] + benzyl alcohol and [BMIM][PF6] + benzal-
dehyde systems by Zhong et al.13 and for acetonitrile +
[BMIM][PF6] systems by Huo et al.14 The negative excess molar
volumes indicated that a more efficient packing and/or attractive
interaction occurred when the [BMIM][PF6] and MMA were
mixed.

However, Holbrey and Seddon15 found that ionic liquids
(including [BMIM][PF6] and [BMIM][BF4]) exhibited liquid
clathrate formation in trichloromethane with a ratio of ionic
liquid/CHCl3 (1:3). Rogers and co-workers16 reported the
formation of liquid clathrates with various ratios in (ionic liquid
+ aromatic) mixtures. Wang et al.17 and Zhong et al.13 suggested
that quasiclathrates were probably formed in the mixtures of
[BMIM][PF6] + 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).18-20 The
quasiclathrates are probably also formed in the mixtures of
[BMIM][PF6] + MMA studied, and a minimum in VE is reached
with the mole fraction of [BMIM][PF6] near 0.3.30-32

Conclusions

New experimental data of density and viscosity for the
mixture of MMA + [BMIM][PF6] were measured over the entire
range of compositions at atmospheric pressure from (283.15 to
353.15) K, from which the excess molar volumes VE 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.
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