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Abstract The densities, ρ, and speeds of sound, u, have been measured as a function
of composition for binary liquid mixtures of dipropylene glycol monopropyl ether
(DPGMPE) with n-butylamine (BA), dibutylamine (DBA), and tributylamine (TBA)
at (288.15, 293.15, 298.15, 303.15, and 308.15) K and atmospheric pressure using
an Anton Paar DSA-5000 instrument. The ρ and u values were used to calculate
excess molar volumes, V E, deviations from the ideal behavior of the thermal expan-
sion coefficient, αE, and the isentropic compressibilities, �κS . Moreover, the apparent
molar volume V̄ 0

φ,i , and apparent molar compressibility K̄ 0
φ,i , of the components have

been calculated at infinite dilution. The Jouyban–Acree model is used to correlate the
experimental values of density and ultrasonic speed at different temperatures.

Keywords n-Alkylamines · Density · Dipropylene glycol monopropyl ether ·
Ultrasonic (sound) speed

1 Introduction

Alkoxyalkanols represent a very interesting class of substances due to the presence of
–O- and –OH groups in the same molecule, which allow self-association via inter- and
intra-molecular hydrogen bonds. Different spectroscopic techniques have been used
to investigate the existence of intramolecular hydrogen bonds [1–6], which are present
at all conditions, even in the vapor phase. In contrast, intermolecular H-bonds appear
at higher concentrations of the alkoxyalkanols in the liquid state. Alkoxyalkanols are
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used in the chemical industry as a solvent for oils and petrol and also used as cleaning
agents and as fuel additives. Amines are used to make azo-dyes, many drugs, and
medicines. Therefore, the treatment of this class of mixtures is a particular challenge
to describe interaction behavior occurring in the solution.

As a part of our ongoing program of research on thermodynamic and acoustic prop-
erties of binary liquid mixtures containing alkoxyethanols or alkoxypropanols, we have
recently reported measurements of excess molar volumes, viscosities, and speeds of
sound of binary mixtures of alkoxyalkanols with n-alkylamines [7–10], 1-alkanols
[11–16], or amides [17]. As a part of this continuing work, the experimental results
for the densities, ρ, and speeds of sound, u, are reported in this article for the binary
systems of dipropylene glycol monopropyl ether (DPGMPE) with n-butylamine, dib-
utylamine, and tributylamine over the complete composition range and those of the
pure liquid components at atmospheric pressure and temperatures of (288.15, 293.15,
298.15, 303.15, and 308.15) K. The experimental values of ρand u were used to cal-
culate the excess molar volume, V E, deviations in isentropic compressibilities, �κS ,
and the apparent molar volume and apparent molar compressibility, V̄ 0

φ,i and K̄ 0
φ,i , of

the components at infinite dilution.

2 Experimental

Butylamine (BA), dibutylamine (DBA), and tributylamine (TBA) (all analytical
reagent grade products from S.D. Fine Chemicals, India) were stored over sodium
hydroxide pellets for several days and fractionally distilled twice [18,19]. The mid-
dle fraction of the distillate was used. The DPGMPE (C3H7(OC3H6)2OH) (Aldrich,
Germany, purity >99.1 %) was used without further purification. Before use, all the
liquids were stored in dark bottles over 0.4-nm molecular sieves to reduce water con-
tent, and were partially degassed with a vacuum pump under a nitrogen atmosphere.
The estimated purities determined by gas chromatographic analysis were better than
99.5 mol % for all the liquid samples. The water content, measured for each sample by
Karl–Fisher titration, was always found to be less than 0.002 mass %. Furthermore,
the purities of the final samples were checked by comparing the densities and speeds
of sound at the desired temperatures with their corresponding values available in the
literature [19–24], and are presented in Table 1.

The densities, ρ, and speeds of sound, u, of both pure liquids and of their binary
mixtures were simultaneously, and automatically measured, using an Anton Paar DSA
5000 instrument thermostated within ±1 × 10−2 K. The calibration of the apparatus
was carried out with deionized double-distilled water, n-hexane, n-heptane, n-octane,
cyclohexane, benzene, and toluene at the desired temperatures. The sensitivity of the
instrument corresponded to a precision in density and speed-of-sound measurements
of 1 × 10−6 g · cm−3 and 1 × 10−2 m · s−1, respectively. The reproducibility of the
density and speed-of-sound estimates was found to be within ±5 × 10−6 g · cm−3 and
±5 × 10−2 m · s−1, respectively.

The binary mixtures were prepared by mass and were kept in special airtight stop-
pered glass bottles to avoid evaporation. The weighings were done with an electronic
balance with a precision of ±0.01 mg. The probable error in the mole fraction was
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estimated to be less than ±1×10−4. All the molar quantities were based on the IUPAC
relative atomic mass Table [25].

3 Results and Discussion

The experimental results of the density, ρ, and speed-of-sound, u, measurements of
binary mixtures of DPGMPE with BA, DBA, and TBA, over the whole composition
range expressed as the mole fraction, x1, of DPGMPE (0 ≤ x1 ≤ 1) at different
temperatures are listed in Table 2.

The excess molar volumes, V E, were calculated by using the following relation:

V E =
∑

i

xi Mi

(
ρ−1 − ρ∗−1

i

)
(1)

where ρ and ρ∗
i are the density of the mixture and density of pure component i , respec-

tively; xi and Mi are the mole fraction and molar mass of component i in the mixture,
respectively.

The isentropic compressibilities, κS have been calculated from the relation

κS = −V −1 (δV /δP)S =
(
ρu2

)−1
(2)

The deviations of the isentropic compressibility, �κS , and excess molar thermal
expansivities, α∗

p,i were calculated from experimental u and ρ values, as follows:

�κS = κS − κ id
S (3)

where [26–28]

κ id
S =

∑ (
κ∗

S,i

)
ϕi (4)

αE = α −
∑

ϕiα
∗
p,i (5)

where ϕi is the volume fraction and α∗
p,i is the isobaric expansivity.

The calculated values of V E and �κS of the binary mixtures, at each temperature,
were fitted to a Redlich–Kister polynomial eq.:

F(x) = x1x2

∑

i=0

ai (x1 − x2)
i (6)

where if F(x) (�κS) is the deviation in isentropic compressibility, the composition
is in volume fraction, and if F(x)

(
V E

)
is the excess molar volume, the composition

is in mole fraction. Values of coefficients ai of Eq. 6, evaluated by using the method
of least squares with all points weighted equally along with the standard deviations,
σ(F(x))are listed in Table 3. Experimental results for V E are plotted against xi and
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values for �κS are plotted against ϕi at various temperatures along with the smoothed
V E and �κS values by using Eq. 5 as in Figs. 1, 2, 3,4, 5, and 6. There are no literature
values of ρ or u for these mixtures available for comparison. The calculated values of
V E and �κS of the binary mixtures are presented in the Appendix.

The volume or theoretical expansion coefficient α of the mixture at a particular
composition was calculated for our systems by adding the contributions of the expan-
sivities of each component in the mixtures;

α = 1

ρ

[
δρ

δT

]
(7)

In Fig. 7, α plots are shown for different mixtures at 298.15 K. We note that a sharp
decrease in α is shown for the DPGMPE + BA or DBA systems as the concentration
of ether increases.

From Figs. 1, 2, and 3, it can be seen that the V E values are negative over the
entire mole fraction range at all temperatures investigated for each binary system
under study, except for DPGMPE + TBA, which exhibits positive V E values at lower
DPGMPE concentrations that become negative in the ether-rich region. This contrasts

Fig. 1 Excess molar volumes, V E for the DPGMPE (1) + butylamine (2) mixture at different temperatures
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Fig. 2 Excess molar volumes, V E for the DPGMPE (1) + dibutylamine (2) mixture at different temperatures

with the behavior of positive V E results for dipropylene glycol monomethyl ether or
dipropylene glycol monobutyl ether + tributylamine [9,10] but is consistent with that of
the negative V E values for butylamine, or DBA and dipropylene glycol monomethyl
ether, dipropylene glycol monobutyl ether or dipropylene glycol tert-butyl ether +
n-alkanol [14–16,29]. Moreover, their behavior may be compared with the V E results
for mixtures of DPGMME or DPGMBE with alkylamines [9,10] as shown in Fig. 8
with the alkyl chain length of the alkoxypropanol at x1 = 0.5: the values of V E

decrease at each temperature with an increase of the alkyl chain length in dipropyl-
ene glycol monomethyl ether as in BA or TBA, and this becomes less negative from
dipropylene glycol monomethyl ether to dipropylene glycol monobutyl ether with
DBA.

The magnitude of the V E values follows the sequence at lower temperatures: BA <

DBA < TBA, but at higher temperatures the sequence is: DBA < BA < TBA.
This suggests that there is an expansion in volume of the mixtures at lower temper-
atures as we move from butylamine to TBA. Furthermore, the behavior of V E for
DPGMPE + BA or DBA may be compared with the negative HE results for (a primary
or a secondary amine + an alkanol) [30–33], which can be considered as evidence for
complex formation through the strong molecular interactions between the –NH group
of the amine molecule and the –OH group of the alkanol molecules. The mixing
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Fig. 3 Excess molar volumes, V E for the DPGMPE (1) + tributylamine (2) mixture at different temperatures

of ether with the amines would induce mutual dissociation of the hydrogen-bonded
structures, that is, O–H–O and N–H–N present in the pure liquids with subsequent
formation of new N–H–O bonds between the proton acceptor nitrogen atom (with two
unshared pair of electrons) of the amine and the hydrogen atom of the –OH group
of the ether molecule. Equally important is the formation of an H-bond of the type
N–H–O between the hydrogen atoms of the –NH group of amine and oxygen atom(s)
of the –OH group(s) of ether molecules, leading to a contraction in volume, which
should result in negative V E values. A similar effect is observed for HE (straight chain
ether + butylamine or dibutylamine) [34,35]; with secondary amine HE much more
positive indicating less association than that between the primary butylamine and the
ether. In the case of DPGMPE + TBA mixtures (Fig. 3), the positive V E values at inter-
mediate compositions can be considered as being due to the breaking up of associated
structures present in the pure liquids leading to an expansion in volume; the decrease
in V E values at lower and higher concentrations of DPGMPE can be considered as
being due to the formation of hydrogen bonds, leading to negative V E values.

There is a systematic increase in V E for DPGMPE + TBA and a decrease in V E

for DPGMPE + BA with a rise in temperature. In the case of DPGMPE + DBA, there
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Fig. 4 Variation of deviations in isentropic compressibility, �κS for the DPGMPE (1) + butylamine (2)
mixture at different temperatures

is no systematic variation of V E with a rise in temperature. A comparison of data at
different temperatures reveals that the temperature coefficient

(
δV E/δT

)
P is positive

for TBA and negative for BA, indicating there is a breaking of H-bonded species
formed between DPGMPE + TBA mixtures, which results in an expansion in volume
with a rise in temperature. In the case of DPGMPE + BA mixtures, it is attributed to the
formation of H-bonded associated species formed between dissimilar molecules with
a rise in temperature, resulting in a contraction in volume of the mixture, and hence
negative V E values. The values of the excess thermal coefficient, αE (not shown) are
found to be negative over the whole composition range for {DPGMPE + butylamine
(BA) or dibutylamine (DBA)} at all the investigated temperatures. In general, nega-
tive αE values indicate the presence of strong interactions between the components
in the mixtures [36]. The trends observed in αE values for the present mixtures sug-
gest the formation of H-bonding between dissimilar molecules which is stronger in
{DPGMPE + butylamine (BA) or dibutylamine (DBA)}. The increasing negative αE

and
(
δV E/δT

)
P values for {DPGMPE + butylamine (BA) or dibutylamine (DBA)}

with an increase in temperature indicate that more destruction of order during mixing
[37] contributes negatively to

(
δV E/δT

)
P and αE.
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Fig. 5 Variation of deviations in isentropic compressibility, �κS for the DPGMPE (1) + dibutylamine (2)
mixture at different temperatures

From Figs. 4, 5, and 6 it is seen that �κS is negative for butylamine (BA) and
DBA, and positive to negative for TBA over the whole mole fraction range and at all
the investigated temperatures. The values of �κS for all the three mixtures decrease
from TBA to butylamine. Moreover, the behavior of the excess molar volume seems
to be consistent with a minimum value of �κS with DPGMPE with butylamine (BA).
Negative values of �κS mean that the mixture is less compressible than the corre-
sponding ideal mixture, suggesting that there may be strong intermolecular hydrogen
bonding with butylamine (BA) and DBA. As the ether is added to amines, thereby
causing a breakdown of self-associated ether, or both contributing to a denser packing
of all the molecules through hydrogen bonding, the speed of sound increases and �κS

decreases.
The apparent molar volume

(
Vϕ,1

)
and the apparent molar compressibility (Kϕ,1)

properties of a solute component ether (1) in alkylamine, defined in terms of mole
fraction concentration units, are calculated from the following relations [38,39]:

Vϕ,1 = V ∗
1 + V E

x1
(8)

Kϕ,1 = K ∗
ϕ,1 +

(
�κS,m

)

x1
(9)
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Fig. 6 Variation of deviations in isentropic compressibility, �κS for the DPGMPE (1) + tributylamine (2)
mixture at different temperatures

where K ∗
ϕ,1 is the molar isentropic compressibility

(
κ∗

S,m,1

)
. Simple graphical extrap-

olation of Vϕ,1 and Kϕ,1 to x1 = 0 (x2 = 1) and of Vϕ,2 and Kϕ,2 to x2 = 0 (x1 = 1)
gives values of V 0

ϕ,1 or V 0
ϕ,2 and K 0

ϕ,1or K 0
ϕ,2 at infinite dilution, represented by V̄ 0

ϕ,1

or V̄ 0
ϕ,2 and K̄ 0

ϕ,1 or K̄ 0
ϕ,2.

Partial molar volumes and partial molar isentropic compressibilities at infinite dilu-
tion and at different temperatures are listed in Tables 4 and 5. All of these V̄ 0

ϕ,1 values
for DPGMPE in various alkylamines are smaller than the corresponding V ∗

1 values of

pure DPGMPE except for TBA. Thus, the difference in values
(
= V̄ 0

ϕ,1 − V ∗
1

)
became

more negative with increasing temperature, suggesting that the molar volumes of each
component in the mixture are less than their respective molar volumes in the pure state,
i.e., there is contraction in volume of the mixture on mixing DPGMPE/BA/DBA. This
may be attributed to the presence of significant interactions between DPGMPE and
BA or DBA molecules. For the DPGMPE + TBA system, the differences in values at
each temperature are positive suggesting an expansion in volume. This further sup-
ports the trends observed in V E values for these binary systems that are attributed to
similar types of interactions as discussed above for the V E values.
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Fig. 7 Variation of thermal expansivity α for binary mixtures of DPGMPE (1) + alkylamines (2) at 298.15 K

We also observe that the values of V 0
ϕ,2 are smaller than the corresponding molar

volumes V ∗
2 of alkylamine with DPGMPE, for which the values of V̄ 0

ϕ,2 are lower. Thus,

the differences in values
(

V̄ 0
ϕ,2 − V ∗

2

)
are negative for all alkylamines at all tempera-

tures. The negative values suggest that the interactions between dissimilar molecules
exceed the structure breaking effect between similar molecules. These interactions are
relatively strong between DPGMPE and BA, as suggested from V E data.

Furthermore, a close perusal of Table 4 indicates that the differences between
K̄ 0

ϕ,1 and K ∗
ϕ,1 are large and negative for DPGMPE + BA or DBA as compared with

DPGMPE + TBA for which the differences in values are positive evidenced that the
strength of interactions in these mixtures follows the order TBA < DBA < BA.
Again, the difference between K̄ 0

ϕ,2 and K ∗
ϕ,2 (Table 5) are large and negative for

lower alkylamines. This is consistent with the view that larger association between
the DPGMPE and BA or DBA molecules takes place, thereby creating conditions of
highly efficient packing and hence relatively lower compressibilities.

Recently, Jouyban and Acree [40,41] proposed a model for correlating the density
and viscosity of liquid mixtures at various temperatures. The application of the model
could be extended for calculating the density and ultrasonic speed of binary mixtures
at various temperatures. The proposed eq. is
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Fig. 8 Experimental excess molar volumes, V E at equimolar concentration for x1(Cm
H2m+1{(OCH3)2}OH) + x2C4H9NH2 (◦); (C4H9)2NH (�); (C4H9)3N (�) at 298.15 K

Table 4 Values of V ∗
1 , V̄ 0

ϕ,1, and K
0
ϕ,1 for (DPGMPE + n-alkylamine) systems at different temperatures

288.15 K 293.15 K 298.15 K 303.15 K 308.15 K

DPGMPE (1) + butylamine (2)
V ∗

1 × 106(m3 · mol−1) 190.691 191.592 192.520 193.459 194.405
K ∗

S,m,1(mm3 · mol−1 · MPa−1) 120.903 125.565 130.408 135.540 140.806

K
0
ϕ,1(mm3 · mol−1 · MPa−1) 106.473 109.259 110.206 115.237 117.470

V̄ 0
ϕ,1 × 106(m3 · mol−1) 186.457 187.186 187.954 188.725 189.515

DPGMPE (1) + dibutylamine (2)
V ∗

1 × 106(m3 · mol−1) 190.691 191.592 192.520 193.459 194.405
K ∗

S,m,1(mm3 · mol−1 · MPa−1) 120.903 125.565 130.408 135.540 140.806

K
0
ϕ,1(mm3 · mol−1 · MPa−1) 101.578 104.391 100.988 99.952 104.138

V̄ 0
ϕ,1 × 106(m3 · mol−1) 180.072 181.017 181.743 179.758 180.409

DPGMPE (1) + tributylamine (2)
V ∗

1 × 106(m3 · mol−1) 190.691 191.592 192.520 193.459 194.405
K ∗

S,m,1(mm3 · mol−1 · MPa−1) 120.903 125.565 130.408 135.540 140.806

K
0
ϕ,1(mm3 · mol−1 · MPa−1) 130.244 139.611 145.439 154.258 162.00

V̄ 0
ϕ,1 × 106(m3 · mol−1) 190.815 192.134 193.768 195.053 196.329
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Table 5 Values of V ∗
2 , V

0
ϕ,2, and K

0
ϕ,2 for (DPGMPE + n-alkylamine) systems at different temperatures

288.15 K 293.15 K 298.15 K 303.15 K 308.15 K

DPGMPE (1) + butylamine (2)
V ∗

2 × 106 (m3 · mol−1) 98.451 99.090 99.738 100.399 101.072
K ∗

S,m,2(mm3 · mol−1 · MPa−1) 78.890 82.770 87.050 91.260 96.080

K
0
ϕ,2 (mm3 · mol−1 · MPa−1) 70.808 73.585 76.456 80.920 82.135

V
0
ϕ,2 × 106(m3 · mol−1) 97.892 99.303 99.277 99.841 100.561

DPGMPE (1) + dibutylamine (2)
V ∗

2 × 106 (m3 · mol−1) 168.703 169.609 170.557 171.804 172.749
K ∗

S,m,2(mm3 · mol−1 · MPa−1) 132.490 138.110 144.810 151.770 158.500

K
0
ϕ,2 (mm3 · mol−1 · MPa−1) 132.148 137.567 143.408 149.861 156.404

V
0
ϕ,2 × 106(m3 · mol−1) 168.015 168.907 170.076 170.724 171.640

DPGMPE (1) + tributylamine (2)
V ∗

2 × 106 (m3 · mol−1) 237.226 238.356 239.501 240.661 241.836
K ∗

S,m,2(mm3 · mol−1 · MPa−1) 183.860 191.130 198.810 206.880 215.360

K
0
ϕ,2 (mm3 · mol−1 · MPa−1) 184.250 192.002 199.890 208.167 216.791

V
0
ϕ,2 × 106(m3 · mol−1) 237.107 238.256 239.423 240.660 271.792

ln ym,T = f1 ln y1,T + f2 ln y2,T + f1 f2

∑
[

A j ( f1 − f2)
j

T

]
(10)

where ym,T , y1,T , and y2,T are the density, or speed of sound of the mixture and pure
liquids 1 and 2 at temperature T , respectively, f1 and f2 are the volume fraction, and
A j ’s are the model constants.

In order to perform a numerical comparison of the prediction capability of the
model, the experimental density and ultrasonic speed data at different temperatures
were fitted with the model and the average percentage deviation (APD) was calculated
as

AP D = 100

N

∑
[(∣∣yexptl − ycalcd

∣∣
yexptl

)]
(11)

where N represents the number of experimental data in each data set. The optimum
number of constants A j , in each case, was determined from an examination of the
APD values.

The Jouyban–Acree model was applied to ultrasonic speed measurements by Hasan
et al. [42], We also extended the Jouyban–Acree model (Eq. 10) to the ultrasonic speeds
of the present liquid mixtures with f as the mole fraction and again apply Eq. 11 to
test the prediction capability of the model. The A′

j s, calculated from the least-squares
analysis, are presented in Table 6 along with the APDs. The APD values show the
reliability of the proposed model for calculating the density and ultrasonic speed of
binary mixtures at various temperatures. Hence, the proposed model provides rea-
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Table 6 Parameters of Jouyban–Acree model and average percentage deviation (APD) for densities and
speeds of sound for (DPGMPE + n-alkylamine) systems at different temperatures

T (K) A0 A1 A2 APD

DPGMPE (1) +
butylamine (2)

ρ × 10−3 (kg · m−3) 288.15 56.74957 −23.7233 5.795419 0.0538

293.15 58.34686 −24.5454 5.540137 0.0411
298.15 59.58737 −25.0879 6.371352 0.0440
303.15 61.03852 −25.7656 6.710716 0.0423
308.15 62.49109 −26.4940 7.021531 0.0423

u (m · s−1) 288.15 9.672058 1.343817 −4.03342 0.0001
293.15 11.32482 0.853399 −4.00755 0.0004
298.15 13.19732 −0.45308 −2.51845 0.0003
303.15 14.37761 −0.1203 −3.3621 0.0189
308.15 16.20765 −1.75116 −2.82016 0.0014

DPGMPE (1) +
dibutylamine (2)

ρ × 10−3 (kg · m−3) 288.15 18.96882 −7.29198 5.609804 0.0490

293.15 19.12154 −7.39076 5.732803 0.0402
298.15 19.57185 −7.41368 5.544921 0.0420
303.15 21.05128 −9.16567 7.141441 0.0432
308.15 20.88686 −9.54078 8.311552 0.0306

u (m · s−1) 288.15 4.957656 −0.72026 −5.23072 0.0004
293.15 4.589245 −0.726067 −4.54235 0.0000
298.15 5.235984 −2.61397 −2.03385 0.0009
303.15 5.647162 −3.25879 −3.54015 0.0003
308.15 4.66332 −5.16339 −6.83895 0.0008

DPGMPE (1) +
tributylamine (2)

ρ × 10−3 (kg · m−3) 288.15 −8.39137 −0.52937 1.352214 0.0411

293.15 −8.89191 0.146168 2.896866 0.0325
298.15 −9.28547 0.216495 2.871619 0.0316
303.15 −9.66537 0.429425 2.928542 0.0286
308.15 −10.5424 2.13496 8.311727 0.0401

u (m · s−1) 288.15 −10.1944 1.644387 8.26589 0.0013
293.15 −7.84818 7.126027 2.940581 0.0009
298.15 −8.65648 7.898814 3.40123 0.0009
303.15 −9.15511 8.523495 3.604664 0.0010
308.15 −9.95665 8.909275 3.746285 0.0050

sonably accurate calculations for the density and ultrasonic speed of binary liquid
mixtures at various temperatures.

Acknowledgment Financial support for this project (Grant No. SR/SI/PC-33/2003) provided by the
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