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New experimental data on densities at (298.15 to 313.15) K, viscosities, speeds of sound, and relative
permittivities at (298.15 and 308.15) K for the 10 binary mixtures of alkyl (methyl, ethyl, butyl, and
isoamyl) acetates + glycols (ethylene, diethylene, triethylene, and propylene) have been measured as a
function of the composition. Deviation functions, such as deviations in speeds of sound and deviations in
relative permittivities, and excess functions, such as excess molar volumes and excess isentropic
compressibilities, were calculated and fitted to a Redlich-Kister type equation. Grunberg-Nissan,
McAllister, and Auslander equations correlated the mixture viscosities adequately. The values of speeds
of sound in these mixtures, as predicted by collision factor theory, matched well with experimental data.
The variation of the Kirkwood correlation factor with the ester mole fraction was examined. A qualitative
analysis of the deviation and excess functions was made to ascertain the nature and type of bulk state
interactions.

1. Introduction
The thermophysical behavior in aliphatic alkyl al-

kanoates + 1-alcohols and branched alcohols has been
extensively studied in terms of excess molar enthalpies,
Hm

E,1-4 excess molar volumes, Vm
E ,5-11 and dynamic vis-

cosities and viscosity deviations.12-15 A literature survey
showed that there exists very limited reports on ester +
glycol mixtures, although glycols are interesting molecules,
as they offer a wide variety of molecular architectures.
Aminabhavi and Banerjee15 have reported that the Vm

E

values at T ) (298.15 to 308.15) K for the binary mixture
of methyl acetate + poly(ethylene glycol) were three times
more negative than those for methyl acetate + ethylene
glycol. The authors envisaged that ester + ether weak
linkages coupled with ester + hydroxyl group interactions
exist together in the former system. The present study
reports the experimental data of various theromophysical
properties of aliphatic ester + glycol binary mixture
systems over the whole composition range. The aliphatic
esters chosen are methyl, ethyl, butyl, and isoamyl ac-
etates. The glycol components are ethylene glycol, propy-
lene glycol, diethylene glycol, and triethylene glycols. The
selection of some of the above components for the mixture
preparation is hampered by immiscibility. Hence, we could
do measurements on a total of 10 binary mixtures in the
whole composition range. These 10 mixtures are methyl
acetate + ethylene glycol, + diethylene glycol, + triethey-
lene glycol and + propylene glycol; ethyl acetate + dieth-
ylene glycol, + triethylene glycol, and + propylene glycol;
butyl acetate + triethylene glycol and + propylene glycol;
and isoamyl acetate + propylene glycol. The densities of
these binary mixtures were measured at the four temper-
atures (298.15, 303.15, 308.15, and 313.15) K, while the
other properties such as dynamic viscosities, speeds of

sound, and relative permittivities were measured at T )
(298.15 and 308.15) K.

2. Experimental Section
Materials. The laboratory reagent grade methyl, ethyl,

butyl, and isoamyl acetates were purchased from Chiti-
Chem, India, and have a stated purity of 99% on a mole
basis. Methyl acetate was washed with saturated sodium
chloride solution, dried with anhydrous magnesium sulfate,
and then distilled. Ethyl acetate was dried over potassium
carbonate, filtered, and distilled, and the first and last
portions of the distillate were discarded. The entire center
fraction was then distilled over phosphorus pentoxide.
Butyl acetate and isoamyl acetate were purified by drying
over calcium carbonate overnight, filtered, and freshly
distilled. Ethylene and propylene glycols were purchased
from Sisco-Chem Pvt. Ltd., India, and di- and triethylene
glycols were from Chiti-Chem, India. Ethylene, diethylene,
and triethylene glycols were fractionally distilled in a
vacuum, and the middle fractions were collected and dried
over sodium sulfate. After decantation, the liquids were
fractionally distilled. Propylene glycol was dried with
anhydrous sodium sulfate and fractionally distilled. The
gas chromatographic analysis of treated glycols revealed
that various impurities, such as free acid (as acetic acid)
and water, in general, and peroxides (as H2O2) in diethyl-
ene and triethylene glycols and ethylene glycol in dieth-
ylene glycol, in particular, were reduced and the final
purity of glycols was found to be greater than 99.5% on a
mole basis.

Methods. The pure liquids were extensively degassed
by repeated distillations before binary mixtures were
prepared by mass in hermetically sealed glass vials. The
mass measurements accurate to (0.01 mg were made on
a single pan balance (Dhona 100 DS, India). The estimated
accuracy in the mole fractions was (0.0001. Densities of
pure liquids and liquid mixtures were measured using an
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Anton Paar, Austria, density meter model DMA 5000. The
density meter was calibrated using liquid density stan-
dards supplied by the manufacturer. The instrument has
a built-in thermostat for maintaining the desired temper-
atures with a precision of (0.003 °C and an accuracy of
(0.01 °C. The repeatability in the density measurements
of four time distilled water was found to be better than 3
× 10-6 g‚cm-3. For estimating the accuracies in the
reported densities, we calculated the deviations of our
measured values for the three esters and four glycols from
the literature data at different temperatures. The densities
reported in the present study have accuracies better than
3.3 × 10-5 g‚cm-3. Two different Ubbelohde viscometers
were used to determine the viscosities for covering wide
range values of either pure liquids or their binary mixtures.
Each of the viscometers was calibrated with four time
distilled water (F25 ) 0.997 047 g‚cm-3, F35 ) 0.994 031
g‚cm-3; η25 ) 0.890 mPa‚s, η35 ) 0.719 mPa‚s) and purified
and triple distilled cyclohexane (F25 ) 0.773 891 g‚cm-3,
F35 ) 0.764 461 g‚cm-3; η25 ) 0.898 mPa‚s, η35 ) 0.748 mPa‚
s) to estimate the viscometer constants, A and B, at
respective temperatures by solving the simultaneous equa-
tions of type

The flow times, t, were measured with a stopwatch capable
of registering time accurate to (0.1 s. To avoid evaporation
losses during viscosity measurements, the openings of the
glass tubes were plugged with cotton and the flow times
were measured just after the fresh mixture was made. The
precision and accuracy in the measured viscosities are
estimated to be 0.001 and 0.003 mPa‚s, respectively. An
ultrasonic interferometer supplied by Mittal Enterprise,
New Delhi, was used to estimate the speeds of sound (with
a precision of (0.8 m‚s-1) in liquids and their binary
mixtures. The accuracy in the measured speeds of sound
was found to be (1.3 m‚s-1. A Universal Dielectrometer,
model OH-301 (Radelkis, Hungary), was used to measure
the capacitance in pure liquids and binary mixtures. The
capacitances were converted to the relative permittivities
after performing the calibration of the dielectric cells.16 The
precision and accuracy of the relative permittivities have
been estimated to be 0.001 and 0.004 units. The temper-
ature during the viscosity, speeds of sound, and capacitance
measurements was maintained accurately to 0.01 °C by
employing a thermostatically controlled circulator (ISREF,
model 017 A (India)). The measured properties for the pure
liquids at different temperatures along with the literature
comparison are given in Table 1.

Table 1. Densities, G, Viscosities, η, Speeds of Sound, υ, and Relative Permittivities, Er, for Pure Components

T ) 298.15 K T ) 303.15 K T ) 308.15 K T ) 313.15 K

exp lit. exp lit. exp lit. exp lit.

Methyl Acetate
F/g‚cm-3 0.926 80(3) 0.926 8438 0.919 70(0) 0.919 6742 0.915 22(2) 0.915215 0.908 33(5)
η/mPa‚s 0.384 0.38014 0.351 0.35515

υ/m‚s-1 1150 1149.5339 1103 1102.9939

εr 6.864 6.86140 6.648 6.64940

Ethyl Acetate
F/g‚cm-3 0.894 55(6) 0.894 5541 0.888 48(1) 0.888513 0.882 50(1) 0.882512 0.875 97(5)
η/mPa‚s 0.428 0.42412 0.387 0.38512

υ/m‚s-1 1138 1138.6239 1095 1093.2839

εr 5.990 5.98740 5.784 5.78340

Butyl Acetate
F/g‚cm-3 0.876 19(1) 0.876 1943 0.871 27(6) 0.871 2941 0.865 43(5) 0.865444 0.860 48(6)
η/mPa‚s 0.674 0.67544 0.594 0.59344

υ/m‚s-1 1190 11904 1150 1148.9839

εr 5.001 4.99440 4.842 4.84640

Isoamyl Acetate
F/g‚cm-3 0.866 21(8) 0.866441 0.861 05(8) 0.855 85(5) 0.852 95(7) 0.852941

η/mPa‚s 0.781 0.789541 0.747
υ/m‚s-1 1195 1154
εr 5.346 4.982

Ethylene Glycol
F/g‚cm-3 1.110 00(7) 1.110041 1.106 63(8) 1.106 6441 1.103 08(0) 1.099 64(3)
η/mPa‚s 14.820 10.478
υ/m‚s-1 1662 166415 1635 1632.145

εr 40.252 40.25040 38.229 38.22540

Diethylene Glycol
F/g‚cm-3 1.113 51(2) 1.113546 1.109 56(4) 1.109545 1.106 22(3) 1.106245 1.103 02(0) 1.103047

η/mPa‚s 30.012 30.041 16.972
υ/m‚s-1 1580 157746 1550
εr 30.921 30.92540 29.163 29.16040

Triethylene Glycol
F/g‚cm-3 1.119 59(9) 1.119542 1.115 88(9) 1.111 96(4) 1.109 53(8)
η/mPa‚s 34.398 21.306
υ/m‚s-1 1612 1586
εr 23.049 23.04740 21.856 21.85040

Propylene Glycol
F/g‚cm-3 1.032 75(2) 1.032841 1.029 02(1) 1.029039 1.025 40(6) 1.021 53(5) 1.021547

η/mPa‚s 43.434 24.244
υ/m‚s-1 1492 1454
εr 28.373 28.37840 26.742 26.74740

η/mPa‚s ) F/g‚cm-3{A(t/s) - B/(t/s)} (1)
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3. Results and Discussion

Densities, G, and Excess Molar Volumes, Vm
E . The

experimental densities, F, of methyl acetate + ethylene
glycol, + diethylene glycol, + triethylene glycol, and +
propylene glycol; ethyl acetate + diethylene glycol, +
triethylene glycol, and + propylene glycol; butyl acetate +
triethylene glycol and + propylene glycol; and isoamyl
acetate + propylene glycol at T ) (298.15, 303.15, 308.15,
and 313.15) K are listed in Table 2. The Vm

E values were

calculated from the measured densities of pure (1 ) ester
or 2 ) glycol) and mixture (12) components, using the
relation

The compositional variation of Vm
E values for the 10 binary

mixtures was mathematically expressed by the equation

Table 2. Experimental Densities, G, for Esters (1) + Glycols (2) at T ) (298.15 to 313.15) K

F/g‚cm-3 F/g‚cm-3

x1 T ) 298.15 K T ) 303.15 K T ) 308.15 K T ) 313.15 K x1 T ) 298.15 K T ) 303.15 K T ) 308.15 K T ) 313.15 K

Methyl Acetate (1) + Ethylene Glycol (2) Methyl Acetate (1) + Diethylene Glycol (2)
0.0444 1.100 26(9) 1.096 48(3) 1.092 85(8) 1.089 11(5) 0.0406 1.107 83(7) 1.103 83(9) 1.100 41(8) 1.097 07(9)
0.1488 1.077 91(5) 1.073 64(9) 1.070 12(4) 1.065 97(8) 0.1512 1.091 77(3) 1.087 47(0) 1.083 89(0) 1.080 13(4)
0.2505 1.056 96(7) 1.052 60(1) 1.049 33(5) 1.045 05(8) 0.2516 1.076 55(1) 1.071 84(8) 1.068 15(9) 1.063 99(7)
0.3485 1.037 61(0) 1.033 23(8) 1.030 22(3) 1.025 91(8) 0.3488 1.061 26(8) 1.056 15(1) 1.052 35(4) 1.047 79(9)
0.4411 1.020 06(8) 1.015 63(8) 1.012 78(0) 1.008 44(6) 0.4400 1.046 36(5) 1.040 88(3) 1.036 96(6) 1.032 05(9)
0.4856 1.011 89(1) 1.007 39(2) 1.004 56(7) 1.000 19(8) 0.4926 1.037 46(1) 1.031 79(1) 1.027 79(4) 1.022 69(3)
0.5507 1.000 20(9) 0.995 55(2) 0.992 71(8) 0.988 26(1) 0.5504 1.027 35(5) 1.021 49(8) 1.017 40(7) 1.012 10(0)
0.6503 0.982 94(1) 0.977 90(4) 0.974 92(2) 0.970 21(8) 0.6509 1.008 76(1) 1.002 63(1) 0.998 36(4) 0.992 71(6)
0.7489 0.966 49(2) 0.960 93(5) 0.957 65(6) 0.952 55(0) 0.7510 0.988 53(2) 0.982 17(4) 0.977 74(3) 0.971 76(6)
0.8498 0.950 22(1) 0.944 03(9) 0.940 33(1) 0.934 64(0) 0.8504 0.966 18(0) 0.959 59(0) 0.955 04(9) 0.948 73(7)
0.9453 0.935 24(0) 0.928 45(5) 0.924 26(7) 0.917 85(8) 0.9429 0.942 76(8) 0.935 89(8) 0.931 35(4) 0.924 70(0)

Methyl Acetate (1) + Triethylene Glycol (2) Methyl Acetate (1) + Propylene Glycol (2)
0.0455 1.115 19(3) 1.111 41(4) 1.107 51(2) 1.105 03(0) 0.0465 1.027 72(1) 1.023 69(9) 1.020 09(8) 1.015 96(0)
0.1522 1.103 73(7) 1.099 72(2) 1.095 80(2) 1.093 05(0) 0.1493 1.016 80(5) 1.012 28(8) 1.008 63(7) 1.004 03(1)
0.2512 1.091 78(8) 1.087 49(1) 1.083 50(1) 1.080 38(4) 0.2510 1.006 23(2) 1.001 34(6) 0.997 58(0) 0.992 61(7)
0.3504 1.078 53(3) 1.073 91(6) 1.069 84(1) 1.066 30(3) 0.3512 0.995 96(4) 0.990 75(8) 0.986 86(0) 0.981 59(2)
0.4457 1.064 43(7) 1.059 49(7) 1.055 35(1) 1.051 39(5) 0.4412 0.986 79(9) 0.981 30(7) 0.977 29(8) 0.971 76(6)
0.4900 1.057 35(2) 1.052 25(8) 1.048 08(8) 1.043 93(8) 0.4906 0.981 76(8) 0.976 11(3) 0.972 05(1) 0.966 37(3)
0.5519 1.046 77(6) 1.041 46(7) 1.037 27(2) 1.032 85(4) 0.5499 0.975 70(8) 0.969 85(1) 0.965 73(2) 0.959 87(8)
0.6512 1.027 79(8) 1.022 13(9) 1.017 92(6) 1.013 08(2) 0.6483 0.965 55(1) 0.959 34(6) 0.955 15(3) 0.949 00(4)
0.7516 1.005 30(6) 0.999 28(1) 0.995 06(0) 0.989 76(5) 0.7483 0.955 01(1) 0.948 45(8) 0.944 20(6) 0.937 77(0)
0.8513 0.978 49(8) 0.972 08(1) 0.967 82(7) 0.962 01(3) 0.8499 0.943 97(0) 0.937 10(9) 0.932 79(4) 0.926 10(7)
0.9424 0.948 80(2) 0.941 98(5) 0.937 63(0) 0.931 21(6) 0.9447 0.933 26(5) 0.926 21(0) 0.921 80(8) 0.914 96(3)

Ethyl Acetate (1) + Diethylene Glycol (2) Ethyl Acetate (1) + Triethylene Glycol (2)
0.0441 1.103 89(7) 1.100 06(3) 1.096 40(5) 1.092 83(2) 0.0466 1.112 15(6) 1.108 39(1) 1.104 32(5) 1.101 76(4)
0.1491 1.081 32(6) 1.077 52(2) 1.073 43(1) 1.069 24(5) 0.1482 1.095 30(5) 1.091 27(9) 1.086 97(6) 1.084 07(3)
0.2504 1.059 83(6) 1.055 84(6) 1.051 57(3) 1.047 06(0) 0.2500 1.077 40(3) 1.073 02(7) 1.068 55(6) 1.065 26(1)
0.3491 1.039 00(8) 1.034 73(1) 1.030 34(0) 1.025 66(0) 0.3499 1.058 65(0) 1.053 94(5) 1.049 34(7) 1.045 63(8)
0.4487 1.017 94(8) 1.013 34(6) 1.008 79(5) 1.004 01(7) 0.4493 1.038 63(5) 1.033 67(9) 1.028 96(4) 1.024 82(7)
0.5011 1.006 80(2) 1.002 03(1) 0.997 36(1) 0.992 53(8) 0.4995 1.027 95(3) 1.022 90(8) 1.018 12(9) 1.013 77(4)
0.5485 0.996 65(9) 0.991 74(1) 0.986 94(0) 0.982 07(0) 0.5503 1.016 71(8) 1.011 60(8) 1.006 75(9) 1.002 18(3)
0.6492 0.974 85(1) 0.969 64(4) 0.964 50(6) 0.959 48(8) 0.6497 0.993 40(0) 0.988 21(9) 0.983 20(8) 0.978 19(8)
0.7505 0.952 44(8) 0.946 98(7) 0.941 47(0) 0.936 20(1) 0.7490 0.968 18(2) 0.962 95(0) 0.957 73(0) 0.952 29(0)
0.8492 0.930 05(8) 0.924 36(7) 0.918 52(8) 0.912 88(1) 0.8503 0.940 27(4) 0.934 90(2) 0.929 41(5) 0.923 53(8)
0.9445 0.907 81(9) 0.901 89(7) 0.895 89(6) 0.889 73(8) 0.9417 0.913 03(0) 0.907 33(0) 0.901 55(5) 0.895 28(4)

Ethyl Acetate (1) + Propylene Glycol (2) Butyl Acetate (1) + Triethylene Glycol (2)
0.0451 1.024 21(9) 1.020 33(7) 1.016 53(1) 1.012 46(7) 0.0452 1.108 89(1) 1.105 14(4) 1.101 13(4) 1.098 60(7)
0.1493 1.005 58(2) 1.001 36(1) 0.997 21(4) 0.992 76(9) 0.1515 1.083 49(6) 1.079 63(7) 1.075 41(2) 1.072 59(1)
0.2515 0.988 63(2) 0.984 09(1) 0.979 68(1) 0.974 90(8) 0.2488 1.060 06(2) 1.056 08(6) 1.051 65(3) 1.048 53(8)
0.3514 0.973 20(0) 0.968 36(1) 0.963 71(4) 0.958 63(5) 0.3493 1.035 73(3) 1.031 63(6) 1.026 98(5) 1.023 57(7)
0.4393 0.960 46(6) 0.955 37(8) 0.950 52(2) 0.945 17(5) 0.4464 1.012 14(6) 1.007 94(0) 1.003 07(9) 0.999 41(7)
0.5000 0.952 10(1) 0.946 85(1) 0.941 84(5) 0.936 31(3) 0.4953 1.000 24(4) 0.995 98(7) 0.991 02(1) 0.987 24(5)
0.5497 0.945 49(7) 0.940 12(1) 0.934 99(0) 0.929 30(9) 0.5495 0.987 03(6) 0.982 72(3) 0.977 64(5) 0.973 75(1)
0.6505 0.932 74(8) 0.927 13(9) 0.921 75(4) 0.915 78(2) 0.6493 0.962 66(7) 0.958 25(5) 0.952 97(8) 0.948 88(7)
0.7495 0.921 01(9) 0.915 21(8) 0.909 59(5) 0.903 37(2) 0.7488 0.938 29(5) 0.933 77(7) 0.928 31(6) 0.924 03(5)
0.8499 0.909 87(8) 0.903 92(6) 0.898 10(1) 0.891 68(3) 0.8515 0.913 02(6) 0.908 37(8) 0.902 74(6) 0.898 24(4)
0.9487 0.899 61(8) 0.893 57(0) 0.887 61(7) 0.881 09(7) 0.9421 0.890 60(4) 0.885 80(7) 0.880 04(2) 0.875 29(3)

Butyl Acetate (1) + Propylene Glycol (2) Isoamyl Acetate (1) + Propylene Glycol (2)
0.0445 1.020 01(0) 1.016 10(6) 1.012 28(7) 1.008 28(6) 0.0455 1.017 21(4) 1.013 29(3) 1.009 48(3) 1.005 69(1)
0.1493 0.993 58(9) 0.989 44(2) 0.985 19(2) 0.980 98(9) 0.1457 0.988 00(0) 0.983 78(4) 0.979 64(5) 0.976 02(7)
0.2487 0.972 28(4) 0.968 01(6) 0.963 42(7) 0.959 09(8) 0.2483 0.963 53(3) 0.959 11(8) 0.954 73(8) 0.951 27(9)
0.3511 0.953 32(0) 0.948 95(9) 0.944 08(9) 0.939 65(1) 0.3508 0.943 13(8) 0.938 57(7) 0.934 01(4) 0.930 68(7)
0.4460 0.937 92(4) 0.933 47(3) 0.928 39(7) 0.923 85(8) 0.4520 0.926 02(1) 0.921 33(8) 0.916 63(1) 0.913 40(8)
0.4973 0.930 34(2) 0.925 83(6) 0.920 66(7) 0.916 07(1) 0.4959 0.919 36(1) 0.914 62(9) 0.909 86(8) 0.906 68(2)
0.5491 0.923 15(4) 0.918 58(8) 0.913 33(6) 0.908 68(1) 0.5551 0.911 01(5) 0.906 21(9) 0.901 38(9) 0.898 24(7)
0.6504 0.910 32(1) 0.905 62(9) 0.900 23(9) 0.895 46(8) 0.6523 0.898 71(2) 0.893 81(6) 0.888 88(7) 0.885 80(3)
0.7495 0.899 15(9) 0.894 34(8) 0.888 84(1) 0.883 97(0) 0.7497 0.887 92(1) 0.882 93(1) 0.877 91(2) 0.874 87(8)
0.8489 0.889 19(5) 0.884 29(5) 0.878 67(0) 0.873 72(7) 0.8495 0.878 28(0) 0.873 20(6) 0.868 10(7) 0.865 12(0)
0.9460 0.880 55(5) 0.875 62(2) 0.869 86(7) 0.864 90(2) 0.9426 0.870 47(9) 0.865 34(5) 0.860 17(8) 0.857 24(3)

V m
E/cm3‚mol-1 )

x1M1 + x2M2

F12
- {x1M1

F1
+

x2M2

F2
} (2)
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of the type

where AE ) Vm
E, ai are the parameters, and x1 is the ester

mole fraction. The ai were estimated using multiple regres-
sion analysis based on a least-squares method. The values
of ai along with the standard deviations, σ, are given in
Table 6. The Vm

E versus x1 profiles at different tempera-
tures, in general, have several common features. A repre-

sentative plot showing the variation of Vm
E as a function of

mole fractions of esters at T ) 298.15 K is shown in Figure
1. The Vm

E values of the binary mixtures except for the
ethyl acetate, butyl acetate, and isoamyl acetate + propy-
lene glycol systems were negative over the whole mole
fraction, and the profiles were skewed toward the ester rich
region. In contrast, the Vm

E values for the esters + propy-
lene glycol were small and positive. For a given ester, the
Vm

E values, especially in the mole fraction range ≈0.4-0.5,
became more negative from ethylene glycol to its dimeric
and trimeric forms. Similarly, the increase in the length

Table 3. Dynamic Viscosities, η, Speeds of Sound, υ, and Relative Permittivities, Er, for Esters (1) + Glycols (2) at T )
(298.15 and 308.15) K

η/mPa‚s υ/m‚s-1 εr η/mPa‚s υ/m‚s-1 εr

x1 298.15 K 308.15 K 298.15 K 308.15 K 298.15 K 308.15 K x1 298.15 K 308.15 K 298.15 K 308.15 K 298.15 K 308.15 K

Methyl Acetate (1) + Ethylene Glycol (2) Methyl Acetate (1) + Diethylene Glycol (2)
0.0444 11.857 8.678 1627 1600 37.941 36.016 0.0406 26.415 14.199 1562 1533 29.447 27.941
0.1488 7.177 5.649 1550 1521 32.667 31.152 0.1512 18.265 8.812 1513 1485 25.989 24.809
0.2505 4.535 3.788 1482 1452 27.826 26.819 0.2516 12.721 5.780 1472 1441 23.302 22.190
0.3485 2.996 2.623 1424 1391 23.526 22.980 0.3488 8.747 3.883 1431 1398 20.890 19.829
0.4411 2.078 1.882 1374 1338 19.849 19.639 0.4400 6.023 2.698 1392 1357 18.683 17.748
0.4856 1.758 1.614 1351 1315 18.225 18.132 0.4926 4.811 2.196 1370 1334 17.407 16.599
0.5507 1.390 1.296 1320 1282 16.036 16.046 0.5504 3.728 1.757 1345 1308 16.000 15.374
0.6503 0.994 0.941 1276 1237 13.109 13.148 0.6509 2.345 1.203 1301 1260 13.555 13.321
0.7489 0.734 0.697 1237 1196 10.726 10.672 0.7510 1.440 0.834 1258 1213 11.196 11.356
0.8498 0.554 0.522 1199 1157 8.809 8.615 0.8504 0.866 0.586 1214 1168 9.087 9.456
0.9453 0.435 0.404 1167 1122 7.455 7.195 0.9429 0.527 0.426 1174 1127 7.527 7.718

Methyl Acetate (1) + Triethylene Glycol (2) Methyl Acetate (1) + Propylene Glycol (2)
0.0455 32.014 19.446 1598 1572 22.068 21.202 0.0465 34.285 19.206 1472 1434 26.542 25.109
0.1522 25.742 15.145 1559 1533 20.129 19.660 0.1493 20.441 11.620 1429 1391 23.096 21.905
0.2512 19.759 11.485 1521 1493 18.613 18.218 0.2510 12.351 7.189 1388 1350 20.163 19.082
0.3504 14.274 8.336 1482 1452 17.211 16.763 0.3512 7.576 4.553 1350 1313 17.452 16.478
0.4457 9.869 5.882 1446 1414 15.867 15.356 0.4412 4.915 3.063 1318 1281 15.046 14.222
0.4900 8.158 4.935 1428 1396 15.223 14.698 0.4906 3.887 2.478 1301 1264 13.731 13.017
0.5519 6.128 3.806 1402 1369 14.293 13.773 0.5499 2.939 1.932 1281 1244 12.164 11.613
0.6512 3.687 2.422 1357 1323 12.719 12.274 0.6483 1.859 1.294 1249 1211 9.695 9.454
0.7516 2.075 1.467 1305 1268 11.035 10.727 0.7483 1.176 0.875 1218 1178 7.575 7.631
0.8513 1.103 0.854 1246 1206 9.317 9.146 0.8499 0.744 0.598 1189 1147 6.217 6.433
0.9424 0.587 0.501 1188 1143 7.779 7.640 0.9447 0.489 0.425 1164 1119 6.149 6.220

Ethyl Acetate (1) + Diethylene Glycol (2) Ethyl Acetate (1) + Triethylene Glycol (2)
0.0441 26.538 14.599 1557 1527 29.415 27.891 0.0466 30.140 18.654 1592 1567 22.281 21.191
0.1491 19.331 10.139 1501 1467 26.107 24.943 0.1482 22.048 13.708 1547 1523 20.621 19.692
0.2504 13.792 7.076 1444 1410 23.206 22.225 0.2500 15.585 9.818 1499 1473 18.957 18.146
0.3491 9.631 4.946 1393 1358 20.577 19.710 0.3499 10.731 6.905 1452 1426 17.301 16.604
0.4487 6.504 3.420 1346 1311 18.062 17.307 0.4493 7.167 4.749 1408 1379 15.621 15.054
0.5011 5.226 2.808 1322 1287 16.785 16.095 0.4995 5.775 3.896 1386 1356 14.758 14.267
0.5485 4.257 2.345 1301 1267 15.650 15.029 0.5503 4.602 3.168 1363 1333 13.876 13.465
0.6492 2.692 1.591 1261 1226 13.299 12.851 0.6497 2.881 2.076 1318 1286 12.128 11.881
0.7505 1.645 1.068 1223 1188 11.026 10.755 0.7490 1.748 1.329 1271 1236 10.365 10.258
0.8492 0.988 0.719 1189 1151 8.916 8.778 0.8503 1.015 0.823 1220 1181 8.569 8.536
0.9445 0.587 0.487 1157 1116 7.016 6.888 0.9417 0.604 0.523 1171 1130 6.979 6.894

Ethyl Acetate (1) + Propylene Glycol (2) Butyl Acetate (1) + Triethylene Glycol (2)
0.0451 32.316 19.383 1463 1429 26.908 25.360 0.0452 31.196 18.956 1586 1559 22.136 21.031
0.1493 16.843 11.715 1401 1371 23.637 22.302 0.1515 24.062 14.161 1524 1498 19.897 18.991
0.2515 9.278 7.280 1343 1317 20.629 19.513 0.2488 18.288 10.622 1470 1446 17.842 17.106
0.3514 5.396 4.653 1294 1268 17.923 17.008 0.3493 13.276 7.731 1420 1395 15.808 15.23
0.4393 3.463 3.184 1255 1229 15.752 14.992 0.4464 9.402 5.575 1375 1350 13.981 13.536
0.5000 2.597 2.469 1232 1205 14.374 13.704 0.4953 7.798 4.694 1355 1329 13.119 12.734
0.5497 2.075 2.014 1215 1186 13.316 12.712 0.5495 6.273 3.856 1334 1307 12.209 11.882
0.6505 1.357 1.351 1186 1153 11.359 10.861 0.6493 4.084 2.642 1298 1267 10.637 10.398
0.7495 0.930 0.928 1164 1128 9.658 9.240 0.7488 2.566 1.776 1265 1232 9.149 8.972
0.8499 0.661 0.645 1149 1109 8.112 7.763 0.8515 1.528 1.153 1233 1197 7.595 7.448
0.9487 0.491 0.459 1140 1098 6.704 6.438 0.9421 0.936 0.774 1207 1168 6.089 5.943

Butyl Acetate (1) + Propylene Glycol (2) Isoamyl Acetate (1) + Propylene Glycol (2)
0.0445 31.874 18.512 1467 1429 26.269 24.784 0.0455 31.606 18.401 1460 1425 26.057 24.589
0.1493 16.098 10.192 1407 1372 21.899 20.754 0.1457 16.423 10.429 1398 1369 21.589 20.423
0.2487 8.935 6.083 1355 1322 18.412 17.56 0.2483 8.962 6.168 1346 1320 17.773 16.862
0.3511 5.175 3.762 1310 1280 15.381 14.787 0.3508 5.224 3.864 1304 1281 14.600 13.914
0.4460 3.295 2.523 1276 1246 13.007 12.603 0.4520 3.269 2.574 1270 1248 12.009 11.526
0.4973 2.638 2.071 1260 1230 11.878 11.552 0.4959 2.721 2.196 1258 1235 11.038 10.635
0.5491 2.141 1.719 1247 1217 10.837 10.575 0.5551 2.165 1.802 1243 1220 9.864 9.563
0.6504 1.489 1.241 1226 1194 9.058 8.885 0.6523 1.560 1.357 1223 1199 8.255 8.095
0.7495 1.106 0.947 1210 1178 7.616 7.476 0.7497 1.191 1.075 1211 1182 7.014 6.938
0.8489 0.870 0.759 1200 1165 6.418 6.279 0.8495 0.961 0.893 1202 1169 6.098 6.02
0.9460 0.727 0.640 1194 1155 5.456 5.304 0.9426 0.831 0.788 1197 1160 5.548 5.343

AE ) x1(1 - x1)∑
i)0

i)n

ai(2x1 - 1)i (3)
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of the alkyl chain from methyl to ethyl and to butyl in the
respective esters drastically decreased the negative mag-
nitude of Vm

E in di- and triethylene glycol containing
mixtures. The rise in the temperature has been found to
increase the negative magnitudes of Vm

E values in all the
mixtures. As far as we are aware, there exists only one
report15 for the Vm

E values of methyl acetate + ethylene
glycol at T ) 298.15 K. Our calculated (Vm

E)0.5 value of
-0.476 cm3‚mol-1 for methyl acetate + ethylene glycol at
(T ) 298.15 K) is 0.006 cm3‚mol-1 more negative than the
literature value of -0.470 cm3‚mol-1 for the same system
and at the same temperature.15 We believe that our Vm

E

values are more accurate than the pycnometrically derived
data of Aminabhavi and Banerjee.15 At equimolar composi-
tion, our calculated (Vm

E )0.5 value of -0.476 cm3‚mol-1 (at
T ) 298.15 K) for methyl acetate + diethylene glycol is
not only in sign disagreement but also 3.4 times lower in
magnitude than the value of 0.2020 cm3‚mol-1 for methyl
acetate + ethanol7 at the same temperature. Similarly, our
reported equimolar Vm

E values of -0.462, -0.510, and
-0.537 for ethylene glycol + diethylene glycol mixtures (at
298.15, 303.15, and 308.15) K, respectively, have been
found to differ not only in sign but also less in magnitude
by 2.4, 2.7, and 2.5 times from 0.3415,8 0.303,13 and 0.26910

Table 4. Adjustable Parameters of Eqs 4-6 for the Correlation of Mixture Viscosities at T ) (298.15 and 308.15) K

T/K G12 σ Mc12 Mc21 σ A21 B21 B12 σ

Methyl Acetate (1) + Ethylene Glycol (2)
298.15 -1.433 0.001 -0.194 0.965 0.001 0.101 0.579 0.509 0.001
308.15 -0.887 0.001 -0.181 0.894 0.001 0.138 0.660 0.584 0.001

Methyl Acetate (1) + Diethylene Glycol (2)
298.15 -1.266 0.001 0.871 2.343 0.001 0.283 0.186 0.836 0.002
308.15 -0.537 0.001 0.031 1.337 0.001 0.142 0.454 0.617 0.001

Methyl Acetate (1) + Triethylene Glycol (2)
298.15 3.056 0.001 1.550 2.996 0.001 0.354 0.257 0.480 0.002
308.15 2.198 0.001 1.055 2.367 0.001 0.387 0.259 0.710 0.001

Methyl Acetate (1) + Propylene Glycol (2)
298.15 -0.376 0.001 0.527 2.073 0.001 0.107 0.272 0.538 0.001
308.15 -0.811 0.01 0.140 1.517 0.001 0.105 0.420 0.526 0.001

Ethyl Acetate (1) + Diethylene Glycol (2)
298.15 1.528 0.001 1.101 2.454 0.001 0.332 0.221 0.852 0.002
308.15 0.383 0.001 0.474 1.666 0.001 0.239 0.430 0.784 0.001

Ethyl Acetate (1) + Triethylene Glycol (2)
298.15 1.626 0.001 1.170 2.560 0.001 0.309 0.204 0.819 0.002
308.15 1.212 0.001 0.814 2.078 0.001 0.311 0.303 0.838 0.001

Ethyl Acetate (1) + Propylene Glycol (2)
298.15 -2.028 0.001 0.094 1.562 0.001 0.060 0.320 0.390 0.001
308.15 -0.863 0.001 0.234 1.537 0.001 0.106 0.478 0.527 0.001

Butyl Acetate (1) + Triethylene Glycol (2)
298.15 1.855 0.001 1.575 2.777 0.001 0.429 0.276 0.858 0.001
308.15 1.041 0.001 1.067 2.153 0.001 0.379 0.384 0.943 0.001

Butyl Acetate (1) + Propylene Glycol (2)
298.15 -2.918 0.001 0.130 1.458 0.001 0.054 0.308 0.373 0.001
308.15 -2.463 0.001 0.015 1.187 0.001 0.070 0.442 0.431 0.001

Isoamyl Acetate (1) + Propylene Glycol (2)
298.15 -3.110 0.001 0.170 1.496 0.001 0.056 0.267 0.386 0.001
308.15 -2.703 0.001 0.095 1.237 0.001 0.075 0.362 0.456 0.001

Table 5. Physicochemical Properties at T ) (298.15 and 308.15) K for the Pure Components

VT/cm3‚mol-1 V0/cm3‚mol-1 Va/cm3‚mol-1 Lf/Å Y S B/cm3‚mol-1 rj/Å Cp
a/J‚K-1‚mol-1 Rb/k‚K-1

T ) 298.15 K
methyl acetate 79.930 62.108 17.821 0.557 64.04 2.890 19.881 1.990 140.648 1.400
ethyl acetate 98.494 76.480 22.012 0.599 73.57 2.858 24.509 2.134 170.649 1.379
butyl acetate 132.574 106.736 25.838 0.562 91.88 2.986 33.023 2.357 228.149 1.185
isoamyl acetate 150.292 122.487 27.805 0.552 100.71 2.998 37.444 2.458 248.540 1.138
ethylene glycol 55.917 47.601 8.215 0.310 53.632 4.169 13.931 1.768 150.841 0.637
diethlene glycol 95.303 82.765 12.538 0.323 77.55 3.961 23.762 2.112 244.750 0.653
triethylene glycol 134.320 117.678 16.454 0.336 98.06 4.039 33.458 2.367 328.250 0.702
propylene glycol 73.682 62.418 11.263 0.351 64.24 3.743 18.358 1.938 190.840 0.729

T ) 308.15 K
methyl acetate 80.941 18.833 0.588 2.773 20.125 1.998 143.948 1.450
ethyl acetate 99.837 23.357 0.635 2.751 24.838 2.144 172.849 1.418
butyl acetate 134.222 27.485 0.598 2.886 33.424 2.367 230.649 1.208
isoamyl acetate 152.112 29.625 0.588 2.896 37.889 2.468 251.340 1.158
ethylene glycol 56.268 8.667 0.323 4.102 14.019 1.772 154.141 0.646
diethlene glycol 95.931 13.170 0.340 3.886 23.915 2.117 249.150 0.658
triethylene glycol 135.053 17.375 0.354 3.974 33.688 2.373 334.050 0.707
propylene glycol 74.210 11.791 0.367 3.648 18.486 1.943 193.640 0.745

a The values for methyl acetate, isoamyl acetate, and propylene glycol at T ) 308.15 K are interpolated from temperature-dependent
data. b Ri interpolated values using a linear equation relating Ri and T ) (298.15 to 348.15 K). The individual values for each temperature
were calculated from the measured densities at two successive temperatures using the relation Ri ) ((F1/F2) - 1)/∆T.
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for the ethyl acetate + 1-pentanol mixtures at the corre-
sponding temperatures. The IR and microwave spectro-
scopic studies17-20 on gas and liquid phases of glycol
molecules and the gas-phase electron diffraction experi-
mental21,22 and theoretical ab initio molecular orbital and
molecular mechanics calculations23-25 indicated that the
gauche form with an intramolecular hydrogen bond in the
glycols is more stable energetically than the trans form.
Notonlythis,thetheoreticalquantumsolvationcalculations26-28

further unambiguously revealed that the intramolecular
hydrogen bonds in glycols were still retained upon hydra-
tion. So, it is clear that the positive contributions emanat-
ing from the depolymerization effects as observed for
1-alcohols are supposed to be the bare minimum in esters

+ glycol systems while formation of ester‚ ‚ ‚glycol com-
plexes is quite likely. The observed positive Vm

E values in
ethyl acetate, butyl acetate, and isoamyl acetate + propy-
lene glycol indicate that the -CH3 group of the latter
causes steric hindrance. The large and negative Vm

E values
for esters + glycols over esters + 1-alcohols mixtures, in
general, indicate the presence of weak interactions between
the carbonyl oxygen of the ester and the two -OH groups
of the glycols on one hand and the carbonyl carbon of the
ester and the etheric oxygen of the dimeric/trimeric glycols
on the other hand.29,30

Viscosities and Their Correlation. The experimental
data of dynamic viscosities, η12, for the 10 binary mixtures

Table 6. Parameters of Eq 3 for the Mathematical Representation of Excess and Deviation Functions for Esters (1) +
Glycols (2) at Different Temperatures

T/K a0 a1 a2 σ a0 a1 a2 σ

Methyl Acetate (1) + Ethylene Glycol (2) Methyl Acetate (1) + Diethylene Glycol (2)
Vm

E/cm3‚mol-1 298.15 -1.902 -0.051 -0.230 0.001 -2.651 -2.148 -1.082 0.001
303.15 -2.262 -0.336 0.082 0.001 -2.643 -2.149 -1.334 0.001
308.15 -2.648 -0.577 0.249 0.001 -2.641 -2.094 -1.213 0.001
313.15 -3.033 -0.973 0.324 0.001 -2.662 -2.155 -1.320 0.001

δυ/m‚s-1 298.15 -66.7 13.1 2.1 0.5 -68.9 -2.2 -25.1 0.5
308.15 -54.6 10.7 23.4 0.5 -62.4 -34.6 -18.8 0.7

κs
E/TPa-1 298.15 -472.8 74.3 -25.9 0.4 -395.8 -156.5 -34.6 0.2

308.15 -589.7 64.2 -38.1 0.5 -476.3 -171.4 -23.4 0.3
δεr 298.15 -11.535 -4.523 2.366 0.001 -10.881 -0.867 -7.787 0.001

308.15 -7.764 -4.199 -1.957 0.001 -9.676 1.813 -0.104 0.001

Methyl Acetate (1) + Triethylene Glycol (2) Methyl Acetate (1) + Propylene Glycol (2)
Vm

E/cm3‚mol-1 298.15 -3.280 -2.297 -1.592 0.001 -0.999 -0.678 -0.107 0.001
303.15 -3.332 -2.311 -1.717 0.001 -0.982 -0.687 0.054 0.001
308.15 -3.368 -2.361 -1.895 0.001 -0.999 -0.669 -0.043 0.001
313.15 -3.462 -2.407 -2.172 0.001 -0.962 -0.680 0.091 0.001

δυ/m‚s-1 298.15 -64.4 -12.4 3.3 2.7 -66.7 -1.9 0.4 0.4
308.15 -53.8 -11.8 7.3 3.3 -42.3 9.9 -4.1 0.5

κs
E/TPa-1 298.15 -366.0 -306.9 -171.3 0.3 -292.5 -19.7 5.0 0.3

308.15 -445.7 -375.8 -233.1 0.5 -369.7 -52.2 1.0 0.4
δεr 298.15 -7.723 0.682 -4.788 0.001 -14.806 -10.162 -13.800 0.001

308.15 -6.431 -1.295 -0.082 0.001 -13.873 -7.853 -8.738 0.001

Ethyl Acetate (1) + Diethylene Glycol (2) Ethyl Acetate (1) + Triethylene Glycol (2)
Vm

E/cm3‚mol-1 298.15 -1.848 -1.308 -0.072 0.001 -1.598 -0.558 0.179 0.001
303.15 -2.038 -1.137 -0.274 0.001 -1.547 -0.784 -0.325 0.001
308.15 -2.148 -1.191 0.196 0.001 -1.654 -0.972 -0.263 0.001
313.15 -2.300 -1.702 -0.243 0.001 -1.721 -0.947 -0.320 0.001

δυ/m‚s-1 298.15 -133.3 -9.4 66.0 0.8 -103.5 11.7 36.4 1.1
308.15 -123.7 8.6 77.5 1.5 -85.3 0.21 46.8 1.6

κs
E/TPa-1 298.15 -377.9 -41.8 -51.1 0.2 -383.6 -226.6 -114.7 0.3

308.15 -456.4 -87.4 -88.1 0.4 -471.7 -280.2 -148.7 0.5
δεr 298.15 -5.759 1.515 -2.025 0.001 -4.308 -1.231 -0.982 0.001

308.15 -4.480 1.146 0.903 0.001 -3.067 -0.019 0.862 0.001

Ethyl Acetate (1) + Propylene Glycol (2) Butyl Acetate (1) + Triethylene Glycol (2)
Vm

E/cm3‚mol-1 298.15 0.577 0.078 0.062 0.001 -0.264 0.016 -0.249 0.001
303.15 0.609 0.149 0.074 0.001 -0.368 0.043 -0.329 0.001
308.15 0.587 0.194 0.204 0.001 -0.425 -0.007 -0.340 0.001
313.15 0.597 0.288 0.321 0.001 -0.493 -0.093 -0.534 0.001

δυ/m‚s-1 298.15 -228.4 -32.4 21.4 0.5 -197.5 20.9 52.3 0.9
308.15 -174.9 -75.0 23.9 0.4 -166.3 21.2 16.7 0.4

κs
E/TPa-1 298.15 -125.8 176.4 -18.9 0.4 -206.3 -26.3 -36.0 0.3

308.15 -221.8 214.4 21.1 0.8 -275.4 -38.9 -23.6 0.3
δεr 298.15 -4.784 -0.024 1.962 0.001 -4.158 1.804 4.033 0.001

308.15 -4.063 -0.067 1.163 0.001 -2.864 2.022 3.977 0.001

Butyl Acetate (1) + Propylene Glycol (2) Isoamyl Acetate (1) + Propylene Glycol (2)
Vm

E/cm3‚mol-1 298.15 0.960 0.101 0.310 0.001 1.094 0.233 0.580 0.001
303.15 0.945 0.128 0.482 0.001 1.086 0.218 0.654 0.001
308.15 0.960 0.083 0.416 0.001 1.090 0.202 0.687 0.001
313.15 0.951 0.123 0.541 0.001 1.090 0.212 0.729 0.001

δυ/m‚s-1 298.15 -156.6 -26.5 97.1 1.3 -145.3 4.7 22.6 0.6
308.15 -115.1 -20.4 68.3 0.8 -74.5 -2.7 25.6 0.7

κs
E/TPa-1 298.15 -84.0 172.0 -108.7 0.4 -68.8 180.9 -76.1 0.4

308.15 -143.8 167.7 -100.2 0.3 -165.2 176.8 -9.5 0.4
δεr 298.15 -6.116 1.031 0.075 0.001 -7.877 -1.243 0.473 0.001

308.15 -4.557 1.074 -0.589 0.001 -6.243 0.052 1.588 0.003

1024 Journal of Chemical and Engineering Data, Vol. 48, No. 4, 2003



at T ) (298.15 and 308.15) K are listed in Table 3. The
mixture viscosities were also correlated through one pa-
rameter Grunberg-Nissan,31 two parameter McAllister,32

and three parameter Auslander33 equations:

where ν is the kinematic viscosity. The terms G12, Mc12,
Mc21, A21, B21, and B12 in the above equations were treated
as adjustable parameters, and their values were estimated
using a nonlinear regression analysis based on a least-
squares method. The summary of the analysis along with
the standard deviations, σ, between experimental and
correlated values is given in Table 4. The σ values ranged
from 0.001 to 0.002, indicating that these three equations
adequately correlate the mixture viscosities.

Speeds of Sound, υ, and Excess Isentropic Com-
pressibilities, Ks

E . The experimental values for the speeds
of sound, υ, in the binary mixtures are listed in Table 3.
The υ values were also calculated using free length34 and
collision factor35 theories and the Junjie (as given in ref
36) and Nomoto equations.37 Various characteristic proper-
ties (needed in the calculations) such as molar volume, VT,
molar volume at absolute zero, V0, available volume, Va,
free length, Lf, surface area, Y, actual volume per mole,
Bi, molecular radius, rj, and molar heat capacities, Cp, for
the pure components at both the temperatures are listed
in Table 5. The percentage standard deviations, σ/%,
between experimental and calculated values ranged from

0.3 to 4.5 for the collision factor theory and Nomoto
equations while other approaches yielded large deviations.
The deviations in speeds of sound, δυ, and κs

E were
calculated using the relations

where κs is the isentropic compressibility and was calcu-
lated using the Laplace equation, that is, κs ) 1/υ2F and
κs

id was calculated from the relation

and φi is the ideal state volume fraction and is defined by
the relation

These functions were also expressed mathematically to

Figure 1. Variation of excess molar volumes, Vm
E, with ester

mole fraction for the binary mixtures of esters + glycols at T )
298.15 K: methyl acetate + (‚) ethylene glycol, + (+) diethylene
glycol, + (/) triethylene glycol, + (0) propylene glycol; ethyl acetate
+ (×) diethylene glycol, + ([) triethylene glycol, + (2) propylene
glycol; butyl acetate + (b) triethylene glycol, + (1) propylene
glycol; and isoamyl acetate + (9) propylene glycol.

Figure 2. Variation of (a) deviation in speeds of sound, δυ, and
(b) excess isentropic compressibilities, κs

E, with ester mole frac-
tion for the binary mixtures of esters + glycols at T ) 298.15 K.
(The symbols are same as those shown in Figure 1.)

δυ/m‚s-1 ) υ12 - (φ1υ1 + φ2υ2) (7)

κs
E/TPa-1 ) κs - κs

id (8)

κs
id ) ∑

i)1

2

φi[κs,i + TVi(ai
2)/Cp,i] -

{T(∑
i)1

2

xiVi)(∑
i)1

2

φiai)
2/∑

i)1

2

xiCp.i} (9)

φi ) xiVi/(∑
i)1

2

xiVi) (10)

ln η12 ) x1 ln η1 + x2 ln η2 + x1x2G12 (4)

ln ν12 ) x1
3 ln ν1 + 3x1

2x2 ln Mc12 + 3x1x2
2 ln Mc21 +

x2
3 ln ν2 - ln(x1 +

x2M2

M1
) + 3x1

2x2 ln(23 +
M2

3M1
) +

3x1x2
2 ln(13 +

2M2

3M1
) + x2

3 ln(M2

M1
) (5)

x1(x1 + B12x2)(η12 - η1) + A21x2(B21x1 + x2)(η12 - η2) ) 0

(6)
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judge the internal consistency of the data using eq 3. The
values of the least-squares coefficients, ai, and standard
deviations, σ, are listed in Table 6. A representative
graphical variation of δυ and κs

E values as a function of
ester mole fraction at T ) 298.15 K is shown in Figure 2.
It can be seen that δυ and κs

E values in these mixtures in
general are large and negative over the whole composition.
However, for the ethyl acetate, butyl acetate, and isoamyl
acetate + propylene glycol mixtures, the κs

E versus x1

profiles were asymmetric and sigmoidal with negative
values over most of the composition range followed by a
few close to zero or slight positive values in the ester rich
region. The rise in the temperature from T ) 298.15 to
308.15 K always resulted in more negative κs

E values. The
observed large and negative κs

E values indicate that the
mixed components have molecular species that occupy
smaller volumes in space and hence have less compres-
sions.

Relative Permittivities, Er, and Deviations in Rela-
tive Permittivities, δEr . The experimental relative per-
mittivities, εr, for the 10 binary mixtures of esters + glycols
are listed in Table 3. The deviations in relative permittivi-
ties, δεr, were calculated using the relation

The compositional variation of δεr was mathematically
expressed by eq 3, and the calculated values for the
parameters, ai, along with the σ values are summarized
in Table 6. The graphical representation of δεr as a function
of ester mole fraction is given in Figure 3. The profiles for
the binary mixtures except for that of butyl acetate +
triethylene glycol are large and negative over the whole
composition and at both the temperatures. The latter
system was, however, characterized by an asymmetric
profile with negative δεr values followed by small and
positive values in the ester rich region.

Further examination of δεr versus x1 profiles showed that
the negative magnitudes around equimolar composition
systematically become less in a given acetate (methyl or
ethyl) with the increase in the number of oxyethylene units

in the glycols. The same is found to be true for a given
glycol (diethylene or triethylene) with the increase in the
alkyl chain length of the esters (from methyl to butyl). No
systematic trend in δεr values was observed for esters +
propylene glycol mixtures. The rise in temperature also
resulted in less negative (δεr)0.5 values.

The Kirkwood correlation parameter, gK, which depends
only on the number of neighbors of a molecule and their
relative configuration, was calculated from the relation

where k and µi are the Boltzmann constant and the dipole
moment of the pure components. εR is equated to 1.1nD

2,
where nD is the refractive index. The variation of gK with
the ester mole fraction has been depicted in Figure 4. It
can be seen from the figure that the gK values of pure esters
are around unity, which is expected of normal polar liquids.
The variations in gK versus x1 profiles in the binary
mixtures of ester + glycols are found to be typical. The
initial invariance in gK values indicates that the addition
of a small amount of any of the four esters to ethylene,
propylene, and triethylene glycols does not alter the
associate structures in the latter. The linear decrease of
gK values over the whole composition in methyl and ethyl
acetate + diethylene glycol mixtures indicates that the
dipolar alignment in the mixed species gets systematically
perturbed. The lower gK values at ester rich composition
for the esters + propylene glycol mixtures hint that the
mixed species in these mixtures are structureless.
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