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Densities of the binary systems of m-xylene with ethyl acrylate, butyl acrylate,
methyl methacrylate, and styrene have been measured as a function of compo-
sition, at 298.15 K and atmospheric pressure, using an Anton Paar DMA 5000
oscillating U-tube densimeter. The calculated excess volumes were correlated
with the Redlich–Kister equation and with a series of Legendre polynomials.
The excess volumes are positive for the binaries of m-xylene with methyl
methacrylate, ethyl acrylate, and styrene. The excess volumes for the m-xylene+
butyl acrylate system are positive for solvent (m-xylene) concentrations below
0.3 mole fraction and negative above this concentration.

KEY WORDS: acrylates; densities; excess volumes; m-xylene; monomers;
styrene.

1. INTRODUCTION

The mixing of different compounds gives rise to solutions that generally do
not behave ideally. The deviation from ideality is expressed by many
thermodynamic variables, particularly by excess properties. Excess ther-
modynamic properties of mixtures correspond to the difference between the
actual property and the property if the system behaves ideally, and thus are
useful in the study of molecular interactions and arrangements. In particu-
lar, they reflect the interactions that take place between solute-solute,
solute-solvent, and solvent-solvent species. For example, a positive value of



the excess volume represents an intercalation packing effect, that is, an
expansion of the mixture. Excess volumes represent the first derivative of
the excess Gibbs function with respect to the pressure, VE=(“GE/“P)T, n,
the pertinent partial excess volume corresponds to the variation of the
chemical potential with pressure, V̄E

i =(“mi/“P)T, nj
. Excess volumes may

be used also to test different mixing rules for equations of state of gases
(EOS) applied to the liquid state, although this procedure may remove the
EOS from their original theoretical background.

This work is part of our program to provide data for the characteriza-
tion of the molecular interactions between solvents and commercially
important monomers, in particular, the influence of the chemical structure
of the solute in the systems under consideration. m-Xylene is an excellent
solvent and may be useful in polymerization and other chemical reactions,
in the cleaning of polymer surfaces, electronic materials, etc. Acrylic esters
and styrene are important industrial chemicals used in the large-scale
preparation of useful polymers. The esters are also interesting because they
contain both a double bond and an ester group.

Sastry and Dave [1, 2] measured the excess volumes, isentropic
compressibilities, and dielectric behavior of fifteen binary mixtures of alkyl
(methyl, ethyl, and butyl) methacrylate with hexane, heptane, carbon
tetrachloride, chlorobenzene, and o-dichlorobenzene at 308.15 K and found
that with aliphatic hydrocarbons, the results were controlled by dispersing
interactions; with chlorinated solvents the controlling factors were specific
interactions (O-Cl and n-p types). Sastry and Valand [3] also measured the
excess volumes of mixtures of alkyl (methyl, ethyl, and butyl) acrylates in
several alkanols at 298.15 and 308.15 K, and found that they were always
positive. These results were explained on the basis of nonspecific interac-
tions between the components. Sastry et al. [4] measured the excess
volumes of methyl methacrylate with ethylbenzene and other aromatic
hydrocarbons such as benzene, toluene, and (o,m,p)-xylene, at 298.15 and
303.15 K and found that except for toluene all exhibited positive excess
volumes. The excess volumes for the system MMA+m-xylene showed a
maximum of about VE % 0.12 cm3 · mol−1.

No literature data are available for excess volumes of m-xylene with
ethyl acrylate, butyl acrylate, and styrene.

2. EXPERIMENTAL

2.1. Materials

m-Xylene (99.78 mass%), ethyl acrylate, EA, (99.8 mass%), butyl
acrylate, BA, (99.9 mass%), methyl methacrylate, MMA, (99.9 mass%),
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Table I. Purity, Densities, and Molar Masses of Pure Components at 298.15 K

Density (g · cm−3)

Component Molar Masses Purity (mass %) measured literature

m-Xylene (1) 106.17 99.78 0.859796 0.85986 [12]
Butyl acrylate (2) 128.17 99.9 0.893958 0.8941 [3]
Ethyl acrylate (3) 100.12 99.8 0.915930 0.9163 [3]
Methyl methacrylate (4) 100.12 99.9 0.937669 0.93766 [13]
Styrene (5) 104.15 99.9 0.901880 0.9016 [14]

and styrene (99.9 mass%) were acquired from Aldrich. The supplier cer-
tified the purity of all the reagents by gas chromatography. EA, BA, and
MMA were vacuum distilled prior to use to eliminate the stabilizer (about
0.002% mass of hydroquinone monomethyl ether). Styrene, containing 10
to 15 ppm of 4-tert-butylcatechol as stabilizer, was not distilled to avoid
polymerization but was degassed by freezing and heating. After purifica-
tion, all reagents were stored under molecular sieves. The densities of the
purified reagents at 298.15 K were determined, and their values are
reported in Table I along with values given in the literature.

2.2. Density Measurements

The density of the samples was measured with an Anton Paar Model
DMA 5000 oscillating U-tube densimeter, provided with automatic viscos-
ity correction, two integrated Pt 100 platinum thermometers (DKD trace-
able), and a stated precision of 5 × 10−6 g · cm−3. The temperature in the cell
was regulated to ± 0.001 K with a solid-state thermostat. The adjustment of
the apparatus was verified daily with dry air and bi-distilled freshly
degassed water.

All liquids were boiled or heated to remove dissolved air. Solutions of
different compositions were prepared by mass in a 10 cm3 rubber-stoppered
vial to prevent evaporation, using a Mettler AG 204 balance accurate to
± 10−4 g. To minimize the errors in composition, the heavier component
was charged first and the sample kept in ice water. To prevent contact
between the samples and the rubber stopper, each component was added
with a syringe; the mixtures were agitated gently, and the samples for
density measurements were also withdrawn with a syringe. The total
uncertainty (ISO 9001) in the mole fraction is 5.8 × 10−5; the precision of
the density (duplicate) measurements is ± 2 × 10−6 g · cm−3, and of the tem-
perature ± 0.002 K. The total uncertainty of density is 1.0 × 10−5 g · cm−3

and of temperature is 0.01 K.
Proper safety measures were taken when handling all the materials.
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3. RESULTS AND DISCUSSION

At least twenty-one density measurements were performed (with
repetition) for each binary system over the full concentration range
(0 [ x1 [ 1).

The excess volumes VE of the solutions of mole fraction x1 were cal-
culated from the densities of the pure liquids and their mixtures according
to the following equation:

VE=[x1M1+(1 − x1) M2]/r − [x1M1/r1+(1 − x1) M2/r2] (1)

where r, r1, and r2 are the densities of the solution and pure components 1
and 2, respectively, and M1 and M2 are the molar masses of the pure
components. The corresponding values of r and VE are reported in
Table II and Fig. 1. The values of the measured volumes were used to cal-
culate the partial volumes of the components using well-known relations
reported elsewhere [5]. The excess volumes calculated by Eq. 1 were
correlated using the analytical expression of Redlich–Kister and a series of
Legendre polynomials Lk(x1), as described in a previous publication [6].
The pertinent values of V̄i appear in Table III and are necessarily consistent.
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Fig. 1. Excess volumes at 298.15 K: f, m-xylene+MMA; G,
m-xylene+EA; Q, m-xylene+BA; N, m-xylene+styrene; I,
m-xylene+MMA, Sastry et al. [4].
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Although the Redlich–Kister equation was originally developed to
correlate the excess Gibbs function [7], it is also used to correlate the
excess volumes:

VE=x1x2 C
n

k=0
Ak(x1 − x2)k (2)

For the four first terms the series of Legendre polynomials becomes

VE=x1x2[a0+a1(2x1 − 1)+a2(6x2
1 − 6x1+1)+a3(20x3

1 − 30x2
1+12x1 − 1)]

(3)

Legendre polynomials, unlike the Redlich–Kister expression, belong
to the category of orthogonal functions such as Fourier, Bessel, and
Chebyshev, which have the valuable characteristic that for a continuous
series of observations (infinite), the values of the coefficients do not change
as the number of terms in the series is increased. This is an important
property because if a physical interpretation can be assigned to one of its
coefficients, its value remains constant. For the case of discrete measure-
ments, such as the determination of volumes of mixing, the values of the
coefficients will vary, but only slightly. In addition, as shown in Table IV,
the series of Legendre polynomials have the important characteristic that
the structure of its first four terms is the same as that of the first four terms
of the Redlich–Kister expression. Tomiska [8, 9] has described the math-
ematical procedure to transform a power expansion, such as that of
Redlich–Kister, into an orthogonal series. In addition, Tomiska has
provided the iteration formulas for Legendre or Chebyshev’s series of any
order as well as the proof that the procedure is independent of the conver-
sion coefficients from the actual excess property.

Equations (2) and (3) were fitted using a least-squares optimization
procedure, with all points weighted equally and minimizing the following
objective function (OF):

OF=C
N

1
(VE

i, exp t − VE
i, calc)

2 (4)

Table IV. Terms of Legendre Polynomials and the Redlich–Kister Expression

Polynomial order, k Lk, Eq. (7) Redlich–Kister, Eq. (6)

0 1 1
1 2x1 − 1 2x1 − 1
2 6(x2

1 − x1+1
6) 4(x2

1 − x1+1
4)

3 20(x3
1 − 3

2 x2
1+3

5 x1 − 1
20) 8(x3

1 − 3
2 x3

1+3
4 x1 − 1

8)
4 70(x4

1 − 2x3
1+9

7 x2
1 − 2

7 x+ 1
70) 16(x4

1 − 2x3
1+3

2 x2
1 − 1

2 x+ 1
16)
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where N is the number of observations. The values of the different adjust-
able parameters, Ak and ak, are reported in Table V for different values of
k, together with the pertinent statistics. The standard deviation s was
calculated as

s=5C (VE
i, exp t − VE

i, calc)
2/(N − k)6

1/2

(5)

where k is the number of adjustable parameters. The statistical significance
of adding one or more terms after the third was examined using a q2-based
test, coupled to the requirement that the residues be randomly distributed,
as suggested by Wisniak and Polishuk [10]. It was not deemed necessary
to perform a step-wise regression.

A plot of the function VE/xixj against composition was used in every
case to test the quality of the data; this function is extremely sensitive to
experimental errors, particularly in the dilute ranges and helps to detect
outliers. In addition, its values at infinite dilution represent the values of
the partial excess volume at infinite dilution, V̄E, .

i , which can be also cal-
culated from the adjustable parameters as follows [5]:

(a) Redlich–Kister

V̄E, .

1 =A0 − A1+A2 − · · · =V̄.

1 − Vo
1 (6)

V̄E, .

2 =A0+A1+A2+ · · · =V̄.

2 − V0
2 (7)

(b) Legendre

V̄E, .

1 =a0 − a1+a2 − · · · =V̄.

1 − V0
1 (8)

V̄E, .

2 =a0+a1+a2+ · · · =V̄.

2 − V0
2 (9)

where V0
i is the molar volume of pure component i. The pertinent values of

V̄E, .

i are also shown in Table V. In addition, it should be realized that in
the absence of self-association, the value of the partial excess volume at
infinite dilution reflects the true solute-solvent interaction. Equations (6)
and (7) or (8) and (9) yield the same values of V̄E, .

i . In all systems, the dis-
tribution of the residuals (not shown) was random as confirmed by the
Durbin–Watson statistic.

Figure 1 compares the results of this work with those of Sastry et al.
[4] for the system m-xylene+methyl methacrylate. It is seen that in the
mid-concentration range Sastry’s results are somewhat larger than those
reported here. The difference between the two sets of measurements may be
due to the different experimental technique (Sastry used a pycnometer) and
to a different level of purity of the reagents (not specified by Sastry).
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Further, calculation of the excess volumes will normally involve taking the
difference between two very large numbers that may result in a very large
error in their difference. As an example, for the point x1=0.5003 in
Table II, VE=0.103 cm3 · mol−1 and the overall uncertainty is about
± 6 × 10−4. Hence, the importance of making the measurements very care-
fully and using equipment that will provide enough significant figures must
be emphasized.

Inspection of the results of Table II and Fig. 1 indicates that the excess
volumes are positive for the binaries of m-xylene with methyl methacrylate,
ethyl acrylate, and styrene. The excess volumes for the system m-xylene+
butyl acrylate are positive for solvent concentrations below 0.3 mole frac-
tion and negative above this concentration.

The function VE(x1) is almost symmetric for the binaries of m-xylene
with MMA, EA, and styrene, suggesting that the maximum specific
interaction occurs near the equimolar composition and there is little or no
self-association of the solute or solvent.

The magnitude and sign of VE is a reflection of the type of interactions
taking place in the mixture. This is very well exhibited by the mixtures
studied here with the minimum and maximum values of VE ranging from
about −0.040 to +0.10 cm3 · mol−1 (the pertinent value of VE is given by
A0/4). The overall positive magnitude of VE indicates a net dislocation
effect that increases as the structure becomes more branched from EA to
MMA, and caused by an intercalation effect of m-xylene that breaks dipole-
dipole associations. n-p interactions between an aromatic hydrocarbon
(such as styrene) and an ester are much stronger than those between a
cyclic hydrocarbon and an aromatic. The (largest) positive values for the
system m-xylene+MMA indicate that the disruption of the dipolar asso-
ciation of the ester is considerably larger than the specific interaction
between its pairs of electrons and the p electrons of the aromatic ring. In
addition, the substitution by an ethenyl group in the benzene ring consti-
tutes an obstacle to n-p specific interactions because of its bulkiness [11].

The positive values of VE for the system m-xylene+BA in the range
0 < x1 < 0.3 are due to the same reasons as for the solutes MMA and EA.
As the concentration of m-xylene increases, disruption of the dipole asso-
ciation of the ester becomes smaller than the specific attraction between its
pair of electrons and the p electrons of the aromatic ring. There is also the
possibility of some complexation between both compounds.
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