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Abstract The densities, viscosities, sound speeds, and relative permittivities for four
binary mixtures of glycols + organic solvents that are miscible over the complete com-
position range, namely, diethylene glycol (DEG) + nitrobenzene and triethylene glycol
(TEG) + chlorobenzene, + bromobenzene, and + nitrobenzene have been measured at
atmospheric pressure and at temperatures from 298.15 to 313.15 K. The excess molar
volumes are calculated and fitted with a Redlich–Kister type equation. The qualitative
analysis of excess molar volumes revealed that the structure-making effects probably
in the form of weak Cl· · ·H–O hydrogen bonding, Cl· · ·O electron acceptor–donor
interactions, and interstitial accommodation of chlorobenzene in associate structures
of triethylene glycol, etc. are predominant in these mixtures.

Keywords Binary mixtures · Density · Glycols · Halogenated benzene ·
Nitrobenzene · Relative permittivity · Sound speeds

1 Introduction

As part of our continued interest in the thermophyscial properties of esters + nonpolar
and polar organic solvents, we reported various thermophyscial properties and derived
functions for binary systems of aliphatic esters (methyl, ethyl, butyl, and isoamyl
acetates) + aromatic hydrocarbons (benzene, toluene, o-, m-, and p-xylenes), + chloro-,
bromo-, and nitro benzenes [1] and the same aliphatic esters + glycols (ethylene, dieth-
ylene, triethylene, and propylene) [2]. In order to explain the thermophysical behavior
of complex esters + glycols + organic solvents ternary systems, data for the constituent
binary pairs are essential. Hence, the present work reports the densities, ρ, dynamic
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viscosities, η, speeds of sound, υ, and relative permittivities, εr , for four binary mix-
tures of diethylene glycol (DEG) + nitrobenzene and triethylene glycol (TEG) + chlo-
robenzene, + bromobenzene, and + nitrobenzene at atmospheric pressure and at tem-
peratures from 298.15 K to 313.15 K. We could study only these four binary mixtures
because of miscibility problems with other glycols + organic solvent liquid mixtures.

2 Experimental

2.1 Materials

Diethylene and triethylene glycols were purchased locally and were fractionally dis-
tilled in vacuum; the middle fractions were collected and dried over sodium sulfate.
After decantation, the liquids were fractionally distilled. The gas chromatographic
analysis of the distilled glycols revealed that various impurities such as free acid (as
acetic acid) and water, in general, and peroxides (as H2O2) in diethylene and triethyl-
ene glycols and ethylene glycol in diethylene glycol, in particular, were reduced, and
the final purity of the glycols was found to be greater than 99.5% on a mole basis.
Chloro-, bromo-, and nitrobenzenes were the same as described elsewhere [1].

2.2 Methods

The binary solutions were prepared by mass in hermetically sealed glass vials. The
solutions of each composition were prepared fresh, and all the properties were mea-
sured the same day. The mass measurements, accurate to ±0.01 mg, were made on
a single-pan analytical balance (Dhona 100 DS, India). The estimated uncertainty in
the mole fraction was ±0.0001. Densities of the pure liquids and their mixtures were
measured with a high-precision vibrating-tube digital densimeter (Anton Paar, DMA
5000). The repeatability of the temperature has been found to be ±0.003◦C. The
uncertainty in the temperature during the measurements, however, is ±0.01◦C since
Pt 100 measuring sensors were used. The instrument was calibrated with air and with
four-times-distilled and freshly degassed water at each temperature using an in-built
software-driven special adjustment procedure. The repeatability in the densities for
the freshly distilled pure liquids and prepared binary mixtures has been found to be
better than 3×10−6 g ·cm−3. The uncertainty in densities of the pure liquids was deter-
mined by comparing our measured values at different temperatures with literature data
(Table 1). This comparison gave a mean absolute deviation of 3.45 × 10−5 g ·cm−3.
Hence, the precision and uncertainty of the densities reported in the present work are
3 × 10−6 and 3.5 × 10−5 g · cm−3, respectively. The viscosity, η, of the pure liquids
and liquid mixtures were determined using an Ubbelohde suspended-level viscometer.
The viscometer was suspended in a thermostatted water bath maintained at ±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 viscometer was calibrated with four-times-distilled water and dry
cyclohexane. The estimated precision and uncertainty in the viscosity measurements
were found to be ±0.001 mPa · s and ±0.012 mPa · s, respectively. The sound speeds,
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υ, 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 ±1.5 m · s−1. The relative per-
mittivities of the individual pure components and binary mixtures were calculated from
the capacitance measurements made with a universal dielectrometer, Type OH-301 of
Radelkis, Hungary. The measured relative permittivities have an estimated precision
and uncertainty of ±0.001 and ±0.009, respectively. The temperatures (accurate to
±0.01◦C) during the υ and εr measurements were maintained using an INSREF (India)
circulator (Model 020A).

3 Results

3.1 Densities (ρ) and Excess Molar Volumes (V E
m )

The experimental densities at different mole fractions of glycols for the four binary
mixtures of diethylene glycol + nitrobenzene and triethylene glycol + chlorobenzene,
+ bromobenzene, and + nitrobenzene are listed in Table 2. The compositional variation
of V E

m was mathematically represented through the following equation:

AE = x1 (1 − x1)

i=n∑

i=o

ai (2x1 − 1)i (1)

where AE = an excess quantity or a deviation function, ai’s are the fitting coeffi-
cients, and x1 is the glycol mole fraction. The values of ai (as estimated through
multiple regression analysis based on least-squares analysis) and σ , the standard devi-
ation between experimental and fitted V E

m values are given in Table 3. The graphical
representation of the compositional dependence of V E

m for the four binary mixtures
at T = 298.15 K is shown in Fig. 1. The V E

m values for triethylene glycol + chloro-
benzene mixtures are small and negative over the complete composition range at the
four temperatures. The replacement of the chloro-group with the bromo-group in bro-
mobenzene resulted in remarkably high and positive V E

m . The trend in V E
m versus x1

profiles for triethylene glycol + nitrobenzene mixtures was similar to that for triethyl-
ene glycol + bromobenzene systems, but with smaller positive values. The diethylene
glycol + nitrobenzene system exhibited the same trend in V E

m as that for triethylene
glycol + nitrobenzene except that the values are less positive, especially in the mole
fraction range x1 = 0.1 − 0.8.

3.2 Speed of Sound (ν)

The speed-of-sound data for the four binary mixtures at T = (298.15 and 308.15) K
are listed in Table 4.
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Fig. 1 Excess molar volumes of glycols (1) + organic solvents (2) at T=298.15 K: (�) diethylene gly-
col+nitrobenzene; triethylene glycol+ (•) nitrobenzene,+ (�) bromobenzene, and+ (�) chlorobenzene,
_____ are fitted values as per Eq. 1 and coefficients from Table 3

3.3 Dynamic Viscosities (η)

The dynamic viscosities for the four binary mixtures at T = (298.15 and 308.15) K are
listed in Table 4. The mixture viscosities were also correlated using two models.

The Grunberg–Nissan equation is given as

ln η12 = x1 ln η1 + x2 ln η2 + x1x2G12 (2)

The McAllister equation based on the Eyring theory of absolute reaction rates and
the three-body interaction model is expressed as

ln ν12 = x3
1 ln ν1 + 3x2

1x2 ln M12 + 3x1x
2
2 ln M21 + x3

2 ln ν2 − ln(x1 + (x2M2/M1))

+3x2
1x2 ln((2/3) + (M2/3M1)) + 3x1x

2
2 ln((1/3) + (2M2/3M1))

+x3
2 ln(M2/M1) (3)

The terms G12 and M12, M21 that appear in Eqs. 2 and 3 have been treated as adjust-
able parameters. ηi and νi are the dynamic and kinematic viscosities of the respective
pure or mixture components. The values of the adjustable parameters, G12, M12, and
M21 along with σ values between experimental and correlated values are given in
Table 5. Both the equations correlated dynamic and kinematic viscosities of mixtures
adequately as the observed standard deviation between experimental and correlated
values did not exceed 0.001 mPa · s.
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Table 3 Fitting coefficients and standard deviation for least-squares representation of V E
m (cm3 . mol−1)

for glycols (1)+organic solvents (2) at T = (298.15, 303.15, 308.15 and 313.15) K

T (K) a0 a1 a2 σ

TEGa (1) + Chlorobenzene (2)
298.15 −0.646 −0.038 −0.063 0.001
303.15 −0.622 −0.037 −0.067 0.001
308.15 −0.604 −0.038 −0.062 0.001
313.15 −0.587 −0.027 −0.074 0.001
TEGa (1) + Bromobenzene (2)
298.15 1.644 −0.127 −0.343 0.001
303.15 1.718 −0.186 −0.445 0.001
308.15 1.829 −0.288 −0.688 0.001
313.15 1.907 −0.300 −0.713 0.001
TEGa (1) + Nitrobenzene (2)
298.15 1.323 0.070 −0.160 0.001
303.15 1.431 0.071 −0.147 0.001
308.15 1.545 0.073 −0.154 0.001
313.15 1.635 0.078 −0.167 0.001
DEGa (1) + Nitrobenzene (2)
298.15 1.022 −0.004 −0.065 0.001
303.15 1.088 −0.031 −0.283 0.001
308.15 1.119 −0.061 −0.217 0.001
313.15 1.152 −0.054 −0.246 0.001
a TEG—triethylene glycol; DEG—diethylene glycol

3.4 Relative Permittivities (εr)

The data of εr for the four binary mixtures at T = (298.15 and 308.15) K are also listed
in Table 4.

3.5 Discussion

An understanding of the volumetric behavior of the glycol + chloro-, bromo-, and nitro-
benzene mixtures must consider several factors. The observed small but negative V E

m
values in triethylene glycol + chlorobenzene mixtures indicate the predominance of
structure-making effects in the form of weak Cl · · · H–O hydrogen bonding, Cl · · · O
electron acceptor–donor interactions, and interstitial accommodation of chloroben-
zene in associate structures of triethylene glycol, etc. However, such weak interactions
are facilitated only at the expense of weakening of intermolecular hydrogen bonds
within triethylene glycol molecules (and the later phenomenon would have contrib-
uted positively to V E

m data). The replacement of the chloro-group by the bromo-group
resulted in large expansion in the volumes. The decreased electronegativity and the
increased molecular size (the molecular radius of cholorobenzene is 2.16 Å while
it is 2.19 Å for bromobenzene at T = 298.15 K) of bromine are expected to play a
major role in the observed positive V E

m values. The same reason can be attributed
for the positive V E

m values for triethylene glycol and diethylene glycol + nitrobenzene
mixtures. Nitrobenzene has a smaller radius of 2.17 Å as compared to bromoben-
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Table 5 Adjustable parameters for the correlation of mixture viscosities of glycols (1) + organic solvents
(2) at T = (298.15 and 308.15) K

T in K G12 σ M12 M21 σ

TEGa (1) + Chlorobenzene (2)
298.15 0.880 0.001 2.452 1.186 0.001
308.15 0.256 0.001 1.897 0.756 0.001
TEGa (1) + Bromobenzene (2)
298.15 1.650 0.001 2.726 1.469 0.001
308.15 1.110 0.001 2.209 1.807 0.001
TEGa (1) + Nitrobenzene (2)
298.15 0.343 0.001 2.541 2.131 0.001
308.15 0.196 0.001 1.536 1.237 0.001
DEGa (1) + Nitrobenzene (2)
298.15 −0.486 0.001 2.170 1.798 0.001
308.15 −0.335 0.001 1.206 0.975 0.001
a TEG—triethylene glycol; DEG—diethylene glycol

zene’s 2.18 Å. In addition, the NO2 group has a dipole structure and can interact rela-
tively strongly compared to bromobenzene with triethylene glycol. Hence, V E

m values
for both the glycols + nitrobenzene mixtures are less positive compared to those for
bromobenzene-containing mixtures. Interestingly, the triethylene glycol + bromoben-
zene, + nitrobenzene, and diethylene glycol + nitrobenzene systems are characterized
by small but positive V E

m values. This indicates that probably the structure-breaking
effects are dominant in these systems.
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