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BINARY MIXTURES OF CYCLOHEXANONE,
2-BUTANONE, 1,4-DIOXANE AND
1,2-DIMETHOXYETHANE
Thermodynamic properties

K. Tamura* and T. Yamasawa

Department of Chemistry, Graduate School of Science, Osaka City University, 3-3-138, Sugimoto,
Sumiyoshi-ku, Osaka 558-8585, Japan

Abstract

Densities and sound velocities of binary mixtures of cyclohexanone, 2-butanone, 1,4-dioxane and

1,2-dimethoxyethane were measured at 298.15 K and also the densities at 303.15 K. Excess volumes

were determined from densities. Isentropic compressibilities were determined from densities and sound

velocities, and excess thermal expansion factors were determined from excess volumes of two temper-

atures. Excess isothermal compressibilities and excess isochoric heat capacities were then estimated us-

ing excess isobaric heat capacities previously reported. Excess volumes and excess isentropic and iso-

thermal compressibilities were negative except for cyclohexanone+1,4-dioxane system.

Keywords: binary mixtures, excess isentropic and isothermal compressibilities, excess isochoric
heat capacity, excess volume and thermal expansion factor

Introduction

Excess thermodynamic properties of binary mixtures containing cyclohexanone or

2-butanone have been reported, focussing on the difference between linear and cyclic

species [1–8]. In previous paper [9], excess enthalpies H E and excess isobaric heat ca-

pacities Cp

E of six binary mixtures of cyclic ketone, cyclohexanone, linear ketone,

2-butanone, cyclic diether, 1,4-dioxane, and linear diether, 1,2-dimethoxyethane

have been measured and discussed. Dipole-dipole interaction plays most important

role in these mixtures, and the recombination of dipole-dipole interaction in the mix-

tures reduces H E to be resulted less than 300 J mol–1. The orientation of dipole mo-

ments is due to the molecular shape of components and non-random mixing is ob-

served. In this paper, the densities � and sound velocities u of these combinatorial

mixtures were measured at 298.15 K except the mixture [x cyclohexanone+(1–x)

1,4-dioxane] already reported [1]. The densities of six mixtures were measured at

303.15 K, too. Excess volumes V E, excess isentropic compressibilities �S

E , excess
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thermal expansion factors �E, excess isothermal compressibilities �T

E , and excess

isochoric heat capacities CV

E were estimated. These volumetric properties are dis-

cussed in terms of the molecular shapes, (cyclic or linear), and dipole moments.

Experimental

Cyclohexanone (Aldrich, >99.8%), 2-butanone (Wako Pure Chemical, dehydrated;

water content<0.00005 mass fraction), 1,4-dioxane (Wako Pure Chemical, dehy-

drated, water content<0.00005 mass fraction), and 1,2-dimethoxyethane (Aldrich,

dehydrated, water content<0.00005 mass fraction) were used without further purifi-

cation. The purity of the materials were better than 0.9997 mole fraction except for

cyclohexanone, the purity of which was better than 0.9990 mole fraction, by g.l.c. us-

ing a high sensitive column for polar liquids (Shimadzu, GC-8A, column; TSG-1 for

polar liquids).

Densities � were measured by a vibrating tube densimeter (Anton Paar, DMA602).

The temperature was controlled within �0.001 K. The accuracy is �0.00001 g cm–3 re-

stricted by the accuracy of pycnometry of standard samples, and the reproducibility is

�0.000003 g cm–3. The details of measurement are described elsewhere [10].

Sound velocities u were measured by a sing around method (Cho-Onpa Co,

UVM-2). The cell was immersed in a water bath controlled at T=298.15�0.0003 K.

The precision was better than 0.05 m s–1. The details of measurement are described

elsewhere [11].

The procedures estimating isentropic and isothermal compressibilities, and

isochoric heat capacity from densities and sound velocities of mixtures are reported

elsewhere [12]. Excess expansion factor is estimated from excess volumes at two

temperatures by the procedure described in a previous paper [13].

Results and discussion

The values of the properties, �S, ��� and CV obtained for the pure components are

given in Table 1, together with isobaric heat capacities Cp and dipole moment �. The

values of V E at 303.15 K for the mixtures are given in Table 2. The values of � and u
at 298.15 K for the mixtures are given in Table 3, together with the derived excess

properties, V E, �S

E , �T

E , CV

E and �E. They are expressed by using the following

Redlich– Kister equation (1) [16];

V C x x A xE

S

E

T

E

V

E E

i

i–1or or or or� � � � 	 	
( ) ( )1 1 2 (1)

In Eq. (1), x is mole fraction of the first component, the parameters Ai are esti-

mated by the least squares method. The parameters Ai are given in Table 4 with stan-

dard deviations �.

In all the present mixtures, the dipole-dipole interactions play important role in

the stability of the mixtures. The endothermic process due to disturbance of di-

pole-dipole interaction is canceled by the exothermic effect due to recombination of
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dipole-dipole interaction in the mixture [9]. These effects reflect to the other excess

properties too.

Table 1 Physical properties of the pure components at 298.15 K

Cyclohexanone 2-Butanone 1,4-Dioxane 1,2-Dimethoxyethane

�/g cm–3 0.94215 0.79963 1.02792 0.86106

Literature value �15 – 0.7997 1.02797 0.86370

�S/TPa–1 535.57 880.23 537.97 854.11

�T/TPa–1 695.0 1116.3 748.7 1085.8

CV/J K–1 mol–1 137.2 127.2 108.3 149.3

Cp/J K–1 mol–1 177.79 �3] 161.27 �8 150.75 �14 189.98 �9

Literature value �15 179.3 158.91 150.65 193.3

�/10–30 C m �15 10.27 9.21 1.50 5.80

As shown in Fig. 1, excess volumes are negative at both temperatures except for

the mixture [x cyclohexanone+(1–x)1,4-dioxane] which is slightly positive because

of bulkiness of both globular molecules. In the case of the mixture of both linear mol-

ecules, 2-butanone and 1,2-dimethoxyethane, V E are considerably negative due to

molecular flexibility. The other mixtures of globular molecule and linear one are neg-

ative V E. This suggests that linear molecules squeeze into the room formed by pack-

ing of globular molecules. The values of V E of all systems are small, and also the val-

ues of �E are small, as seen in Fig. 2, although the systems are polar-polar mixtures.

The value of excess thermal expansion factor of less than 10–5 K–1 is almost compara-

ble to error, in consideration with the precision of density measurement.

Excess isentropic and isothermal compressibilities show that the mixtures con-

sist of globular and linear molecules are less compressible than the other mixtures, as
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Fig. 1 Excess volumes of the mixtures, � – x cyclohexanone+(1–x)
1,2-dimethoxyethane, � – x cyclohexanone+(1–x), o – x 2-butanone,
2-butanone+(1–x) 1,4-dioxane, � – x 2-butanone+(1–x) 1,2-dimethoxyethane,
� – x 1,4-dioxane+(1–x) 1,2-dimethoxyethane, � – x cyclohexanone+
(1–x) 1,4-dioxane [1] at 298.15 K
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Fig. 4 Excess isochoric heat capacities of the mixtures, � – x cyclohexanone+(1–x)
1,2-dimethoxyethane, � – x cyclohexanone+(1–x) 2-butanone,
o – x 2-butanone+(1–x) 1,4-dioxane, � – x 2-butanone+(1–x)
1,2-dimethoxyethane, � – x 1,4-dioxane+(1–x) 1,2-dimethoxyethane,
� – x cyclohexanone+(1–x) 1,4-dioxane [1] at 298.15

Fig. 3 Excess isothermal compressibilities of the mixtures, � – x cyclohexanone+(1–x)
1,2-dimethoxyethane, � – x cyclohexanone+(1–x) 2-butanone,
o – x 2-butanone+(1–x) 1,4-dioxane, � – x 2-butanone+(1–x)
1,2-dimethoxyethane, � – x 1,4-dioxane+(1–x) 1,2-dimethoxyethane,

� – x cyclohexanone+(1–x) 1,4-dioxane [1] at 298.15 K

Fig. 2 Excess thermal expansion factors of the mixtures, – x cyclohexanone+(1–x)
1,2-dimethoxyethane, - - – x cyclohexanone+(1–x) 2-butanone,
-·- – x 2-butanone+(1–x) 1,4-dioxane, -··- – x 2-butanone+(1–x)
1,2-dimethoxyethane, - - – x 1,4-dioxane+(1–x) 1,2-dimethoxyethane,
··· – x cyclohexanone+(1–x) 1,4-dioxane
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Table 4 Parameters and standard deviations of Eq. (1) of express functions of mixtures

A1 A2 A3 A4 �

x cyclohexanone+(1–x) 1,4-dioxane

V E
303.15K

3 –1/cm mol 1.013 – – – 0.003

� E –1/K –3.0E–05 – – – –

�T

E /TPa –1
21.6 4.3 – – 0.1

CV

E JK mol/ – –1 1 –2.87 1.15 –0.65 – 0.02

x cyclohexanone+(1–x) 1,2-dimethoxyethane

V E
303.15K

3 –1/cm mol –0.768 –0.408 0.113 – 0.003

V E 3 –1/cm mol –0.675 –0.461 – – 0.003

� E –1/K –1.77E–04 1.03E–04 2.16E–04 – –

�S

E –1/TPa –118.3 –26.51 –4.7 – 0.14

�T

E –1/TPa –184.0 9.0 70.8 – 0.3

CV

E –1 –1/(J K mol ) 5.74 –7.43 –12.09 – 0.01

x cyclohexanone+(1–x) 2-butanone

V E
303.15K

3 –1/cm mol –0.674 –0.206 – – 0.001

V E 3 –1/cm mol –0.629 –0.156 – – 0.003

� E –1/K –9.4E–05 –1.10E–04 – – –

�S

E –1/TPa –117.98 –33.39 –7.39 – 0.06

�T

E –1/TPa –150.7 –75.9 –9.6 – 0.08

CV

E –1 –1/J K mol –1.56 6.05 –2.53 –1.35 0.02

x 2-butanone+(1–x) 1,4-dioxane

V E
303.15K

3 –1/cm mol –0.507 0.227 – – 0.002

V E 3 –1/cm mol –0.495 0.237 – – 0.003

� E –1/K –2.7E–05 –2.3E–05 – – –

�S

E –1/TPa –118.30 16.50 – – 0.04

�T

E –1/TPa –125.5 7.7 – – 0.06

CV

E –1 –1/J K mol –6.31 0.90 –0.52 – 0.02

x 2-butanone+(1–x) 1,2-dimethoxyethane

V E
303.15K

3 –1/cm mol –0.621 –0.044 – – 0.004

V E 3 –1/cm mol –0.611 –0.063 – – 0.003

� E –1/K –2.1E–05 4.1E–05 – – –

�S

E –1/TPa –31.52 –3.21 – – 0.16

�T

E –1TPa/ –46.5 12.7 – – 0.1

CV

E –1 –1/JK mol 4.01 –1.82 –0.87 – 0.01



seen in Fig. 3 for �T

E . Because the free volumes of these mixtures are reduced by the

flexible component molecules. The mixture of cyclohexanone+1,4–dioxane shows

slightly positive �S

E and �T

E [1], consisted to its positive excess volume. On the other

hand, the mixture of 2-butanone+1,2-dimethoxyethane shows slightly negative �S

E

and �T

E , suggesting that linear molecules are better packed than bulky globular mole-

cules. These two mixtures are randomly mixed. On the other hand, the other four

mixtures show considerably negative �S

E and �T

E . The linear molecules squeezed in

the room formed by globular molecules may not be so free to move.

As Fig. 4 shows, excess isochoric heat capacities of all systems are enhanced

their features of Cp

E , negative values for Cp

E give more negative CV

E , positive Cp

E values

show more positive CV

E . The curve of CV

E of [x cyclohexanone+(1–x)2-butanone]

shows an emphasized W-shaped because linear 2-butanone is not able to squeeze

sufficiently between cyclohexanone molecules but expels globular cyclohexanone to

form cluster. However, the curve of CV

E of [x 1,4-dioxane+(1–x)1,2-dimethoxyethane

lose W-shaped feature of Cp

E . The curve of CV

E of [x cyclohexanone+(1–x),

2-dimethoxyethane] also seems to be W-shaped and to emphasize a concentration

fluctuation slightly observed in Cp

E [9].
It is concluded that the behaviours of excess properties estimated at present are

consistent with the results in the previous paper [9].
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