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Experimental data for the densities, dynamic viscosities, sound speeds, and
relative permittivities and for three binary systems of methyl methacrylate
(MMA)+di-ethers (ethyl, isopropyl, and butyl) at 298.15 and 308.15 K and
at atmospheric pressure are reported. The mixture viscosities are correlated
by Grunberg–Nissan, McAllister, and Auslander equations over the complete
composition range. The sound speeds for the mixtures are also calculated by
using free length and collision factor theories, and Nomoto and Junjie equa-
tions. From the measured primary properties, deviation functions such as
deviations in viscosities, sound speeds, relative permittivities, molar polariza-
tions, excess isentropic compressibilities, and molar electrical susceptibilities
were calculated, and the compositional dependence of each of the functions was
expressed with a Redlich–Kister type equation. The variation of the Kirkwood
correlation factor was determined over the complete composition range.

KEY WORDS: densities; deviation and excess functions; MMA+diethers;
relative permittivities; sound speeds; viscosities.

1. INTRODUCTION

Keeping the importance of thermodynamic and thermophysical property
data of binary and ternary systems involving acrylic esters, alcohols, and



hydrocarbons in mind, various excess or deviation functions derived from
densities, sound speeds, viscosities, isentropic compressibilities, relative
permittivities, and molar polarizations for the binary mixtures of alkyl
methacrylates (methyl, ethyl, and butyl methacrylates)+n-hexane, or
n-heptane, +carbon tetrachloride, +chloro- and +dichlorobenzenes [1–3],
alkyl acrylates+1-alcohols [4–6], methyl methacrylate+1-alcohols/ alkoxy-
ethanols [7, 8], methyl acrylate+n-alkanes [9], and methyl methacrylate+
n-alkanes [10] and+aromatic hydrocarbons [11, 12] have been previously
reported by us. Our analysis of the various functions revealed that both
structure weakening and structure making interactions are present in these
mixtures depending upon the nature of the second added components. For
example, totally inert components such as n-alkanes predominantly disrupt
the dipole-dipole forces in the acrylic esters, while aromatic hydrocarbons
besides structure disruptions, could interact with acrylic esters with addi-
tional n---p, Cl---O, and Br---O specific contacts. Similarly, structure
weakening in both alcohols as well as esters could take place in acrylic
ester+alcohol mixtures depending upon the composition of one of the
components. At the same time, formation of new hydrogen bonds could
take place between –OH of alcohol and carbonyl group of ester species.
A perusal of the literature showed that studies of the thermodynamic
properties of acrylic esters+aliphatic ethers are very scarce. However,
a few studies on binary systems of ethers+hydrocarbons [13–20, 21],
+cyclohexane [21–23], and +1-alcohols [24] have been reported.

Since the aliphatic ethers differ from n-alkanes by the presence of –O–
in the place of a –CH2 – group, the diethers such as diethyl ether (DEE),
diisopropyl ether (DIPE), and dibutyl ether (DBE) can be considered
structurally equivalent to n-pentane, n-heptane, and n-nonane in molecular
architecture. Thus, when acrylic ester such as methyl methacrylate (MMA)
is mixed with the above ethers, the MMA molecules can have opposing
interactions with the nonpolar alkyl part and polar –O– part of the ethers.
A recent attempt was also made by us [25] to carry out quantitative and
qualitative analysis of excess molar volumes and excess molar enthalpies of
MMA+DEE, +DIPE, and +DBE mixtures using Flory and Prigogine–
Flory–Patterson (PFP) theories. In order to make available wide property
data on binary systems of MMA+ethers, this paper reports primary
properties such as densities, dynamic viscosities, sound speeds, and relative
permittivities and various functions, namely, viscosity deviations, excess
isentropic compressibilities, deviations in relative permittivity, and molar
polarizations. An attempt was also made to apply semi-empirical equations
for correlating the mixture viscosities and to predict the sound speeds using
free length and collision factor theories as well as Nomoto and Junjie
equations.
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2. EXPERIMENTAL PROCEDURES

2.1. Materials

MMA was a laboratory reagent grade chemical obtained from Chiti-
Chem, India. It was further washed with 25% (w/v) sodium hydroxide
solution and then the alkali was washed out repeatedly with triple-distilled
water treatment. The chemical was finally distilled in vacuum in a stream
of nitrogen. DEE and DIPE were analytical reagent (AR) quality chemicals
purchased from Chiti-Chem, India. DEE was further distilled over calcium
chloride before use while DIPE was further washed with a solution of
hydroxylamine hydrochloride for removal of peroxides and distilled twice.
DBE was a Fluka product of AR quality and was used as such without any
further purification. The purities of all the above chemicals determined
by gas chromatography were found to be better than 99.5% on a molar
basis. The experimental results for the density, viscosity, sound speeds, and
relative permittivities of the pure liquids at T=298.15 and 308.15 K are
compared with published data in Table I.

2.2. Methods

The binary mixtures were prepared by mixing the pure components in
hermetically sealed glass vials. A set of eleven compositions was prepared
for each system. The pure components were degassed by double distilling
them just before mixing. The various physical properties of the prepared
mixtures were measured on the same day.

Densities of the pure liquids and their mixtures were measured with a
high precision vibrating tube digital densimeter (Anton Paar DMA 5000).
The instrument has a built-in thermostat for maintaining desired tempera-
tures in the range of 0 to 90°C. The repeatability of the temperature has
been found to be ± 0.002 and ± 0.003°C for a given session and two dif-
ferent sessions, respectively. The accuracy in the temperature during the
measurements however is ± 0.01°C because Pt 100 measuring sensors were
used. The instrument was calibrated with air and four times distilled and
freshly degassed water at T=293.15, 313.15, and 333.15 K during each
session. The repeatability in the densities for the distilled water and freshly
distilled pure liquids and prepared binary mixtures have been found to be
better than ± 3.0 × 10−6 g · cm−3. We have estimated the accuracy in densi-
ties of the four pure liquids used in the study by comparing our data at
different temperatures with the literature values, as listed in Table I.
This comparison gave a mean absolute deviation of ± 3.0 × 10−5 g · cm−3.
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Hence, the precision and uncertainty of the densities reported in the present
work are ± 3.0 × 10−6 and ± 3.0 × 10−5 g · cm−3, respectively.

The viscosities of pure and mixture components were obtained from
the measured flow times using a suspended type Ubbelohde viscometer.
The viscometer was suspended in a thermostatted water bath maintained to
± 0.01°C. Four sets of readings for the flow times were taken using a Racer
stop watch that can register time to ± 0.1 s, and the arithmetic mean was
taken for the calculation of the viscosity. The estimated uncertainty
and precision in viscosity measurements were found to be the same, i.e.,
± 0.002 mPa · s.

The sound speeds in pure liquids and in binary mixtures were measured
using an ultrasonic interferometer (Mittal Enterprises, New Delhi, India)
operating at a fixed frequency of 2 MHz. The measured speeds of sound
have a precision of ± 0.8 m · s−1 and an uncertainty better than ± 1.2 m · s−1.

The relative permittivities of the individual pure components and
binary mixtures were calculated from the capacitance measurements with a
universal dielectrometer, Type OH-301 of Radelkis, Hungary. The proce-
dure used in the calibration of the dielectric cells was the same as described
in detail elsewhere [26]. The measured relative permittivities have an esti-
mated precision and uncertainty of ± 0.001 and ± 0.004, respectively.

The temperature during the measurements of all the above properties
was maintained accurate to ± 0.01 K by using a thermostatted INSREF
(India) circulator (Model 020A). The binary mixtures were prepared by
weighing, and the uncertainty in the mole fractions was estimated to be
± 10−4, while the maximum errors for VE

m, dg, du, oE
s , der, qE

m, and dPm were
estimated to be better than 0.001 cm3 · mol−1, 0.001 mPa · s, 0.3 m · s−1,
1.3 TPa−1, 0.001, 0.001 mol · cm−3, and 0.3 cm3 · mol−1, respectively.

3. RESULTS AND DISCUSSION

3.1. Densities (r), Excess Molar Volumes (V E
m), Dynamic Viscosities (g),

and Viscosity Deviations (dg)

The measured densities and dynamic viscosities for MMA+DEE,
+DIPE, and +DBE mixtures at different compositions and at T=298.15
and 308.15 K are given in Tables II and III, respectively. Excess molar
volumes, VE

m were calculated at T=298.15 and 308.15 K using the relation;

VE
m/(cm3 · mol−1)=

x1M1+x2M2

r12
−3x1M1

r1
+

x2M2

r2

4 (1)
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The compositional variation of VE
m was mathematically represented

through an equation of the type,

AE=x1(1 − x1) C
i=n

i=0
ai(2x1 − 1) i (2)

where AE=VE
m, a i are the fitting coefficients, and x1 is the MMA mole

fraction. The values of a i were estimated by a least-squares method using
multiple regression analysis. The summary of a i and s, the standard devia-
tions between experimental and fitted VE

m values, is given in Table IX. The
compositional variation of g for the three mixtures is shown in Fig. 1a. It
can be seen from the figure that g values vary nonlinearly with x1 for the
three mixtures. The g values are found to increase continuously for
MMA+DEE and+DIPE systems while a rectilinear decreasing trend was
observed for the MMA+DBE system. The nonlinearity observed in g

versus x1 profiles, in general, indicates that considerable deviations from
ideal mixing are present in these mixtures.

3.1.1. Correlation of Mixture Viscosities

The compositional variations of dynamic viscosities, kinematic viscos-
ities, n and viscosity ratios of MMA+diether systems were further tested

Fig. 1. (a) Experimental dynamic viscosities, g and (b) deviations in viscosities, dg as a
function of MMA mole fraction for MMA+di-ethers: N, DEE; §, DIPE; and *, DBE at
T=298.15 K and J, DIPE; and I, DBE at T=308.15 K. (---) in part a indicates the
Grunberg–Nissan equation correlated values.
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below using Grunberg–Nissan (GN), McAllister (Mc) and Auslander (A)
equations:

ln g12=x1 ln g1+x2 ln g2+x1x2G12 (3)

ln n12=x3
1 ln n1+3x2

1x2 ln M12+3x1x2
2 ln M21+x3

2 ln n2 − ln 1x1+
x2 M2

M1

2

+3x2
1x2 ln 12

3
+

M2

3M1

2+3x1x2
2 ln 11

3
+

2M2

3M1

2+x3
2 ln 1M2

M1

2 (4)

x1(x1+B12x2)(g12 − g1)+A21x2(B21x1+x2)(g12 − g2)=0 (5)

These equations are particularly selected because the characteristic
constant parameter G12 of Eq. (3) allows for positive and negative devia-
tions from the additivity rule. Equation (4) is based on the Eyring theory
for absolute reaction rates with a three-body interaction model, and Eq. (5)
involves three parameters. The terms G12, M12, M21, B12, A21, and B21 in the
above equations have been considered as adjustable parameters and were
estimated by a nonlinear regression analysis based on a least-squares
method. The values of the individual parameters along with the standard
deviations (s) between the experimental and correlated values are given in
Table IV. A perusal of s values shows that both GN and McAllister equa-
tions correlate the viscosities adequately but the predicted viscosity ratios
from the Auslander equation had s values ranging from 0.012 to 0.125.
Thus the GN equation with one single adjustable parameter provides a
better fit and thus is superior in correlating the viscosities in the present
mixtures.

Table IV. Adjustable Parameters and Standard Deviations (s) (in mPa · s) for the Correlation
of Mixture Viscosities for MMA+Di-Ethers at 298.15 and 308.15 K

G12 s M12 M21 s A21 B21 B12 s

T=298.15 K

MMA+
DEE 0.338 0.001 0.552 0.455 0.002 1.128 0.953 0.984 0.043
DIPE − 0.081 0.001 0.578 0.549 0.001 0.235 5.681 0.125 0.122
DBE − 0.211 0.001 0.662 0.731 0.001 0.820 − 1.338 2.701 0.012

T=308.15 K

MMA+
DEE
DIPE − 0.002 0.001 0.485 0.446 0.001 0.406 2.828 0.275 0.125
DBE − 0.175 0.001 0.588 0.665 0.001 0.311 0.734 0.628 0.023
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3.1.2. Viscosity Deviations (dg)

The dg values were calculated using the relation,

dg/(mPa · s)=g12 − (x1g1+x2g2) (6)

where the subscripts 1, 2, and 12 refer to pure MMA, ether, and the binary
mixture, respectively. The compositional variation of dg was mathemati-
cally expressed by using Eq. (2), where AE=dg. The standard deviations, s,
were calculated by using the equation,

s={S(AE
exp − AE

fit)
2/(n − p)}1/2 (7)

where AE
exp and AE

fit are the experimental and fitted values of the respective
function. A summary of the analysis is given in Table IX. The dg values are
plotted as a function of x1 in part b of Fig. 1. The dg values are all negative
for MMA+DIPE and+DBE at T=298.15 and 308.15 K and showed
asymmetric sigmoidal behavior with small negative values up to x1 % 0.8
before approaching zero beyond x1 % 0.8. The increase in temperature from
298.15 to 308.15 K resulted in less negative dg values. Otherwise, dg values
become more negative with the lengthening of the alkyl chain in ethers. The
small negative dg values indicate the presence of weak but specific dipole-
dipole forces between MMA and ethers. Such contributions are expected to
be more prevalent in MMA+DEE than in MMA+DBE systems.

3.2. Sound Speeds (u), Deviation in Sound Speeds (du), and Excess
Isentropic Compressibilities (oE

s )

The experimental sound speeds, u are listed in Table II. The composi-
tional dependence of u in the three binary mixtures is depicted in part a of
Fig. 2. The u values were also calculated from the approaches of free length
theory (FLT) and collision factor theory (CFT) and using Nomoto and
Junjie equations. The pertinent equations used in the calculations are
summarized below:

3.2.1. Free Length Theory (FLT)

The intermolecular free length (Lf) is defined by the relation,

Lf=2Va/Y (8)

where Va=available volume and is related to molar volume, Vm and volume
at absolute zero, V0 through

Va=Vm − V0 (9)
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Fig. 2. (a) Experimental sound speeds, u, (b) deviation in sound speeds, du and (c) excess
isentropic compressibilities (oE

s ) as a function of MMA mole fraction for MMA+di-ethers.
(Symbols same as those in Fig. 1.) (---) in part a indicates the CFT predicted values.

and Y is the surface area per mole. The value of Y is calculated from
Y=(36pNAV 2

0)1/3 where NA=Avogadro’s number. The following relation
was set up between the isentropic compressibility and free length of several
pure liquids [27]:

log os=log k+p log Lf (10)

where k and p are temperature dependent coefficients. As already defined
os=1/(u2r), and by substituting it in the above equation we obtain

log(1/(u2r))=log k+p log Lf (11)

Properties of Binary Mixtures of Methyl Methacrylate+Di-Ethers 1707



The concept of free length is extended to the case of liquid mixtures [29]
and is defined as

Lf .mix=2[Vm − x1V1
0+x2V2

0)]/(x1Y1+x2Y2) (12)

where Vm is the molar volume of the mixture and V0 is the molar volume at
absolute zero for the pure components and is calculated by the formula,

Vo, i=Vm(1 − (T/Tc, i))0.3 (13)

where Tc, i is the critical temperature of the respective ith pure component.
The free length value as estimated by Eq. (11) represents the ideal state in
which association effects are neglected because the constants k and p that
appear in that equation were evaluated from a linear relation between the
isentropic compressibilities and free lengths for 54 non-associating liquids
[27]. So by calculating Lf .mix from Eq. (12) and using the values of the
constants, k and p for Eq. (11) (k=7.274 and 7.629; p=2.106 and 2.148 at
T=298.15 and 308.15 K, respectively), the sound speeds were calculated.

3.2.2. Collision Factor Theory (CFT)

This theory proposes the following equations for calculating the speed
of sound in pure liquids,

u=u.Srj=u.SB/Vm (14)

where u.=1600 m · s−1; S=collision factor; and rj=spacing filling factor
equal to B/Vm, where B=actual volume of the molecule per mole. This
concept was extended to binary liquid mixtures [29],

umix=u.[x1S1+x2S2](x1B1+x2B2)/Vm (15)

The actual volumes of the molecule per mole (B1 and B2) for the pure
components were calculated using the relation, Bi= 4pr3

mNA/3 where
rm stands for the molecular radius and NA is Avogadro’s number. The
molecular radius, rm, was obtained from the expressions,

rm=a[1 − b{(1+(1/3b))1/2 − 1}]1/3 (16)

where a=(3Vm/(16pN))1/3 (17)

and

b=(cRT/(Mu2)) (18)

c, R, and M stand for the specific heat ratio, gas constant, and the molecu-
lar weight of each pure component.
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3.2.3. Junjie (uJ) Equation

The Junjie equation [30] has the form,

uJ={(x1M1/r1)+(x2M2/r2)}/{(x1M1+x2M2)1/2

× [(x1M1/r1u2
1)+(x2M2/r2u2

2)1/2]} (19)

where xi, Mi, ri, and ui are the mole fraction, molar mass, density, and
sound speed, respectively, for component i. The various calculated physico-
chemical properties that appear in the above equations are listed in Table V.

3.2.4. Nomoto (uN) Equation

Theoretical values of speed of sound (uN) can also be obtained using
the Nomoto equation [31],

uN={(x1R1+x2R2)/(x1Vm, 1+x2Vm, 2)} (20)

where Vm, i is the molar volume of component i and R is Wada’s constant
and was calculated from Ri=u1/3

i Vm.i, where ui is the sound speed of ith
component.

3.2.5. Comparisons

Comparisons of the predicted and experimental u values along with
the percentage standard deviations (s%) between experimental and pre-
dicted values are given in Table VI. It is found that the CFT approach
predicted the u values with standard deviations ranging from 0.3 to 0.6%.
The FLT approach and Nomoto equation yielded u values with larger
deviations than the CFT approach, ranging from 0.1 to 9.3%. However,
the Junjie equation has been found to yield u values with very large devia-
tions (compared to the other three approaches) ranging from 10.2 to
11.3%.

3.2.6. Deviation in Sound Speeds (du) and Excess Isentropic
Compressibilities (oE

s )

The functions du and oE
s were calculated using the relations:

du/(m · s−1)=u12 − (f1u1+f2u2) (21)

oE
s /(TPa−1)=os − o id

s (22)
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Table VI. Predicted Sound Speeds (in m · s−1) for MMA+Di-Ethers at 298.15 and 308.15 K

x1 uFLT uCFT uN uFLT uCFT uN

T=298.15 K T=308.15 K

MMA(1)+DEE(2)

0.0454 971 979 977
0.1483 989 1006 998
0.2490 1005 1026 1019
0.3495 1021 1049 1040
0.4486 1035 1070 1061
0.4908 1041 1079 1070
0.5479 1049 1091 1082
0.6504 1063 1112 1105
0.7501 1075 1133 1126
0.8488 1086 1152 1148
0.9470 1096 1171 1169

s% 3.5 0.5 1.2

MMA(1)+DIPE(2)

0.0416 952 1007 1003 886 970 968
0.1479 965 1027 1018 899 992 983
0.2488 979 1046 1033 912 1012 998
0.3488 994 1065 1048 927 1032 1014
0.4527 1011 1085 1066 943 1052 1032
0.4958 1018 1093 1073 950 1061 1040
0.5472 1026 1103 1082 958 1071 1050
0.6489 1044 1121 1102 974 1090 1070
0.7504 1061 1139 1123 991 1109 1092
0.8502 1076 1156 1145 1007 1127 1115
0.9440 1091 1171 1167 1021 1143 1138

s% 6.4 0.63 0.9 9.3 0.6 1.0

MMA(1)+DBE(2)

0.0446 1183 1218 1219 1106 1178 1178
0.1479 1168 1212 1216 1093 1173 1176
0.2442 1157 1208 1213 1083 1170 1174
0.3388 1149 1204 1210 1075 1167 1173
0.4495 1142 1200 1207 1067 1164 1170
0.4924 1140 1198 1205 1064 1163 1169
0.5489 1137 1196 1203 1062 1162 1168
0.6504 1133 1193 1199 1057 1160 1165
0.7489 1129 1191 1195 1052 1159 1162
0.8501 1122 1188 1189 1046 1157 1159
0.9428 1114 1184 1184 1039 1155 1155

s% 5.3 0.3 0.1 9.1 0.4 1.0
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where os is the isentropic compressibility and was calculated using the
Laplace equation, i.e., os=1/(u2r) and o id

s was calculated from the
relation,

o id
s = C

2

i=1
fi[os . i+TVm.i(a2

i )/Cp.i] −3T 1 C
2

i=1
x iVm.i

21 C
2

i=1
fiai

22;C
2

i=1
xiCp.i

4

(23)

where fi is the ideal state volume fraction and is defined by the relation,

fi=xiVm.i
;1 C

2

i=1
xiVm.i

2 (24)

The data for du and oE
s for the three mixtures as a function of MMA

mole composition are given in Table VII. The du and oE
s are also smoothed

using Eq. (2). The values of the coefficients a i and s obtained from the
analysis are listed in Table IX. The graphical variation of du and oE

s with
the MMA mole fraction is shown in parts b and c of Fig. 2. It can be seen
from Fig. 2b that the du values for MMA+DEE and+DIPE are too large
and positive. A systematic decrease in the magnitude of du was observed
when DEE is replaced by DIPE and DBE. In fact, in MMA+DBE mix-
tures, the du values become small and negative for most of the range except
for slight positive values in the MMA-rich region. As os is inversely pro-
portional to u, the trend in oE

s values (part c of Fig. 2) has been found to be
opposite to that observed in du versus x1 profiles. Except for MMA+DBE
at T=298.15 K, oE

s values are negative over the complete composition
range for the three mixtures. The absolute magnitude has been found to
increase by a factor of about 12 in MMA+DEE mixtures at T=298.15 K
as compared to MMA+DBE systems. The large and negative oE

s in
MMA+DEE systems is an indication of the presence of weak but struc-
ture-making specific dipole-dipole interactions between short alkyl-chained
DEE and MMA molecules. As the alkyl chain length is doubled for DBE,
the increased nonpolar fraction in the molecule dilutes the etheric fraction,
and hence, one would expect more dispersing structure weakening interac-
tions resulting in highly diminished negative oE

s values.

3.3. Relative Permittivities (er) and Related Functions

Relative permittivities (er) were combined with densities to calculate
the molar electrical susceptibilities, qm and molar polarizations, Pm. Then
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Table VII. Deviations in Sound Speed (du) and Excess Isentropic Compressibilities (kE
s ) for

MMA+Di-Ethers at 298.15 and 308.15 K

du oE
s du oE

s

x1 (m · s−1) (TPa−1) x1 (m · s−1) (TPa−1)

T (K)

298.15 308.15 298.15 308.15 298.15 308.15 298.15 308.15

MMA(1)+DEE(2) MMA(1)+DIPE(2)

0.0454 1.1 − 26 0.0416 0.2 1.0 − 12 − 16
0.1483 5.0 − 74 0.1479 2.9 5.0 − 43 − 56
0.2490 9.2 − 108 0.2488 5.5 8.0 − 67 − 84
0.3495 11.6 − 125 0.3488 8.5 11.3 − 86 − 106
0.4486 13.4 − 131 0.4527 9.9 11.9 − 95 − 115
0.4908 13.4 − 130 0.4958 10.3 12.0 − 96 − 115
0.5479 13.3 − 124 0.5472 9.9 11.2 − 95 − 113
0.6504 11.5 − 108 0.6489 8.6 9.1 − 87 − 103
0.7501 8.5 − 83 0.7504 5.2 5.7 − 69 − 81
0.8488 4.7 − 53 0.8502 2.8 2.3 − 47 − 54
0.9470 1.1 − 19 0.9440 0.4 0.0 − 18 − 22

MMA(1)+DBE(2)

0.0446 0.1 − 0.3 − 1 − 2
0.1479 − 1.2 − 1.4 1 − 5
0.2442 − 1.4 − 1.6 0 − 8
0.3388 − 2.5 − 1.7 1 − 11
0.4495 − 2.8 − 1.2 1 − 13
0.4924 − 2.3 − 1.2 − 1 − 13
0.5489 − 2.1 − 0.7 − 2 − 14
0.6504 − 1.0 0.0 − 5 − 14
0.7489 − 0.6 0.9 − 5 − 12
0.8501 0.4 1.3 − 5 − 9
0.9428 0.6 0.7 − 4 − 4

the deviations in relative permittivities, der, excess molar electrical suscep-
tibilities, qE

m , and deviations in molar polarizations, dPm,were calculated
using the following relation:

der=er .12 − Sfier.i (25)

where fi is the ideal state volume fraction of pure component i and er, i is
the relative permittivity of pure component i.

qE
m(cm−3 · mol)=q12 − (x1q1+x2q2) (26)
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where qm.i was calculated using the relations, qi=((er.i − 1)/Vm.i.) and
q12=((er.12 − 1)/Vm.12), where Vm.i. is the molar volume of component i.

dPm(cm3 · mol−1)=P12 − (x1P1+x2P2) (27)

Pi was calculated from (er.i − 1) (2er.i+1) Vm.i/(9er.i) and P12=((er, 12 − 1)
(2er, 12+1)/(9er,12))((x1M1+x2M2)/r12) for the pure components and mix-
ture, respectively. The results for er, der, and dPm are given in Table VIII.
All these functions were, as usual, tested for their mathematical consistency
using Eq. (2). The values of the coefficients, a i, along with s values for each
of the functions are summarized in Table IX.

The variations of der, qE
m, and dPm as a function of MMA mole frac-

tion for all three binary mixtures are shown in parts a to c of Fig. 3. der,
qE

m values are found to be large and negative for MMA+DBE mixtures at
T=298.15 and 308.15 K. But the same functions become less negative (for
qE

m of MMA+DIPE) and even positive for MMA+DEE and MMA+
DIPE (der values). The negative der and qE

m values for the MMA+DBE
mixture clearly indicate that upon mixing of these components, the dielec-
tric changes are significant. Molar electrical susceptibility values indicate
the extent of purturbance in the dipole arrangement in the applied electrical
field. Negative qE

m values arise mainly because of loss of dipolar association
both in MMA and DBE species upon mixing. These disruptions might
have been equally compensated by the formation of new associates between
MMA and DEE molecules due to dipole-dipole structure making interac-
tions and, hence, this mixture has mostly positive der and qE

m values. The
dPm versus x1 profiles followed the qualitative trend as observed in der

versus x1 curves. The observed large and negative dPm values support
our earlier conclusion that in MMA+DBE systems, the relatively longer
nonpolar alkyl chain induces more dispersion interactions with MMA
molecules.

The differences in the overall interactions in MMA and DEE mixtures,
vis-a-vis in MMA and DIPE and DEE systems, became distinctly clear
from the monitoring of variations in gK, the dielectric correlation param-
eter, across the MMA mole fraction for the three mixtures at T=298.15 K.
The gK value was calculated by using the relation,

gK=3(er.12 − ea)(2er.12+ea)
er.12(ea+2)2

4 3 9kT
4pN(x1m1+x2m2)2

4 Vm.12 (28)

where k and mi are Boltzmann’s constant and the dipole moment of com-
ponent i. ea is equal to 1.1 n2

D, where nD is the refractive index. The gK

value gives a qualitative measure of the orientation of neighboring dipoles
in bulk structures of pure liquid or complex fluid systems. A value of unity
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Table VIII. Relative Permittivities (er), Relative Permittivity Deviations (der), Excess Molar
Electrical Susceptibilities (qE

m), and Deviations in Molar Polarizations (dPm) for MMA+
Di-Ethers at 298.15 and 308.15 K

x1 er der qE
m (mol · cm−3) dPm (cm3 · mol−1)

T (K)

298.15 308.15 298.15 308.15 298.15 308.15 298.15 308.15

MMA(1)+DEE(2)

0.0473 4.317 0.018 0.000 0.3
0.1507 4.610 0.067 0.001 1.3
0.2509 4.896 0.113 0.001 2.3
0.3512 5.168 0.148 0.002 3.0
0.4570 5.418 0.165 0.002 3.3
0.4987 5.518 0.166 0.002 3.3
0.5442 5.647 0.161 0.002 3.2
0.6512 5.862 0.137 0.002 2.7
0.7510 6.055 0.098 0.001 1.9
0.8528 6.238 0.052 0.001 0.9
0.9438 6.426 0.014 0.000 0.2

MMA(1)+DIPE(2)

0.0416 3.970 3.830 0.006 0.012 − 0.001 0.000 0.1 0.4
0.1479 4.210 4.090 0.024 0.045 − 0.002 − 0.001 0.7 1.4
0.2488 4.446 4.344 0.039 0.073 − 0.002 − 0.002 1.0 2.1
0.3488 4.687 4.603 0.047 0.094 − 0.003 − 0.003 1.1 2.6
0.4527 4.975 4.878 0.048 0.106 − 0.003 − 0.003 1.1 2.8
0.4958 5053 4.994 0.045 0.109 − 0.003 − 0.003 1.0 2.9
0.5472 5.186 5.134 0.041 0.108 − 0.003 − 0.003 0.9 2.8
0.6489 5.449 5.408 0.028 0.099 − 0.003 − 0.003 0.4 2.3
0.7504 5.727 5.689 0.013 0.081 − 0.003 − 0.002 − 0.1 1.6
0.8502 6.029 5.985 − 0.001 0.053 − 0.002 − 0.002 − 0.2 1.1
0.9440 6.335 6.271 − 0.005 0.021 − 0.001 − 0.001 − 0.2 0.4

MMA(1)+DBE(2)

0.0446 3.122 3.046 − 0.017 − 0.017 − 0.001 − 0.001 − 0.5 − 0.5
0.1479 3.289 3.224 − 0.094 − 0.082 − 0.004 − 0.004 − 3.1 − 2.7
0.2442 3.449 3.401 − 0.179 − 0.151 − 0.006 − 0.006 − 5.8 − 4.8
0.3388 3.641 3.611 − 0.248 − 0.201 − 0.008 − 0.007 − 7.7 − 6.2
0.4495 3.937 3.921 − 0.286 − 0.224 − 0.009 − 0.009 − 8.5 − 6.5
0.4924 4.076 4.062 − 0.285 − 0.221 − 0.010 − 0.009 − 8.3 − 6.3
0.5489 4.281 4.268 − 0.271 − 0.206 − 0.010 − 0.009 − 7.6 − 5.6
0.6504 4.709 4.689 − 0.212 − 0.152 − 0.009 − 0.009 − 5.6 − 3.9
0.7489 5.188 5.154 − 0.128 − 0.082 − 0.008 − 0.007 − 3.2 − 1.8
0.8501 5.726 5.670 − 0.041 − 0.015 − 0.005 − 0.005 − 0.9 − 0.1
0.9428 6.231 6.156 0.005 0.014 − 0.002 − 0.002 0.1 0.4
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Fig. 3. (a) Deviation in relative permittivities, der, (b) excess molar electrical susceptibilities,
qE

m and (c) deviation in molar polarizations, dPm as a function of MMA mole fraction for
MMA+di-ethers. (Symbols same as those in Fig. 1.)

for gK is characteristic of polar molecules such as MMA. The addition of
each of the ethers produced two sets of changes in the gK value. For the
DEE and DIPE containing mixtures, gK values showed an initial increase
(up to the region of x1 % 0.70 to 0.725) and further addition of ethers limits
the gK values to about 1.28 to 1.30 and 1.28 to 1.29, respectively. However,
for the case of DBE addition, the gK values showed a continuous decrease
and become less than unity at higher DBE compositions. The increase
of gK values for MMA+DEE and +DIPE mixtures clearly and unam-
biguously suggests that structure weakening is less in these systems,
perhaps due to the dipole-dipole attractive interactions. However, in
MMA+DBE systems, the more dominant interaction has always been of

Properties of Binary Mixtures of Methyl Methacrylate+Di-Ethers 1717



Fig. 4. Variation of Kirkwood correlation
factor, gK as a function of MMA mole fraction
for MMA+aliphatic ethers at T=298.15 K.
(Symbols same as those in Fig. 1.)

the structure weakening type and at higher DBE compositions, while the
bulk structures are characterized by gK values as small as 0.75 to 0.80,
indicating total structure loss in terms of the dipolar arrangement.
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