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The density of the ethane-1,2-diol+ 2-methoxyethanol+ 1,2-dimethoxyethane ternary 
mixtures has been measured at different temperatures ranging from - 10 to 80"C, and 
over the whole composition range. The experimental data have been used to check the 
validity of some relationships accounting for the dependence of the density on tem- 
perature and composition, useful to evaluate the behaviour of this property in the whole 
temperature and composition domains. 

Starting from the primary data, some derived quantities, such as excess molar 
volumes, partial molar volumes and partial excess molar volumes, have been obtained. 
In these mixtures is generally negative at all the experimental conditions, showing the 
greatest deviations along the binary axes corresponding to the binary subsystems. The 
results are compared and discussed to get light to the changes in molecular association 
and structural effects in this solvent system. 

Keywork Ternary solvent systems; Nonelectrolytic liquid mixtures; Density; Ethane- 
1,2-diol; 2-Methoxyethanol; 1,2-Dimethoxyethane 
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1. INTRODUCTION 

A literature survey shows that very few studies have been made on 
thermo physical properties of ternary (and highest) liquid mixtures, 
in spite of their relative importance as solvent processes in many 
industrial design or scientific and analytical applications. As an 
example, let us think to the widespread employment in the field 
of electroanalytical determinations (conductometric, potentiometric, 
and all other related techniques which work in solution) and to the 
separation sciences such as LC and HPLC which need pure, or mixed, 
or gradient solvents [l]. 

In particular, a lot of work has been spent from our research group 
for the evaluation of density and of some related properties of ternary 
solvent systems containing 1,2-ethanediyl-(-CH2-CH2-) deriva- 
tives such as ethane- 1,Zdiol (ED), 2-methoxyethanol (ME), 1,2- 
dimethoxyethane (DME) and 1 ,Zdichloroethane (DCE), that mixed 
one another and with water (W) provide a variety of mixed solvents 
with different intrinsic characteristics [2,3]. 

The volumetric behaviour of a liquid system can be generally 
expressed in terms of the molecular structural features of its com- 
ponents (e.g., size, shape, dipole moments); therefore, these studies 
can help in the evaluation of the specific intermolecular interactions 
by correlating individual structural features with the macroscopic 
measured quantities [4,5]. 

In the present paper, some empirical relationships have been 
reported, to evaluate the behaviour of the density and of some related 
quantities for the ternary solvent system {ED (component 1)+ ME 
(2)+DME (3)). The data were collected employing 12 new three- 
component mixtures in addition to the density values already obtained 
for the previously studied binary subsystems ED +ME [6], ED + DME 
[7] and ME+DME [8], working at 19 different temperatures in the 
- 10 5 t / T  5 80 range, and covering the whole miscibility field, as 
expressed by the relation 0 5 XI, x2, x3 5 1. 

The density values (and the related quantities) of these mixtures 
have been represented by some interpolating equations to describe 
the effects of temperature and composition. An attempt was also made 
to explain the departure from the ideal behaviour of the calculated 
excess volumes in terms of specific interactions between the mixture 
components. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
5
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



NONELECTROLYTIC LIQUID MIXTURES 483 

2. EXPERIMENTAL 

2.1. Materials 

The solvents ED, ME and DME (containing water < 0.10%, < 0.05% 
and <0.10% by mass, respectively, as found by Karl-Fischer 
titrations) were high purity grade reagents from Carlo Erba (Milan). 
ED and ME were stored over 3A molecular sieves for many days 
before use. DME was further purified by double fractional distillation 
over LiAlH4 to eliminate traces of acids and peroxides and to reduce, 
as much as possible, the total amount of water, keeping the middle 
fraction only (bp 83°C) for the measurements. The final purity of the 
solvents was checked by gas chromatography (mass fraction = 99.5% 
for ED and 99.7% for both ME and DME species), confirming the 
absence of other organic compounds. 

2.2. Apparatus and Procedures 

All the mixtures were prepared by mixing appropriate volumes of the 
components and by weight on a Mettler PM 480 A-range balance just 
before use, operating in a dry box to avoid atmospheric contamina- 
tion. The accuracy for each mole fraction (xi) is estimated to be less 
than 1.5 x The density was measured by an oscillating capillary 
tube, with a sensitivity f 1 x 10-6g 

The apparatus, procedures and experimental details of the density 
measurements have been described elsewhere [9]. 

3. RESULTS AND DISCUSSION 

The experimental density values of the twelve {ED (l)+ME (2)+ 
DME (3)) three-component mixtures covering the whole composi- 
tion range are presented in Table I, along with the corresponding 
ternary composition. For comparison purposes, Table I also reports 
the density values for the three pure species. 

For each mixture the density values were fitted against temperature 
( t /T)  by the polynomial equation [lo]: 
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using the least-squares method [l 11. The calculated ak coefficients 
(0 IkI4) are listed in Table I1 along with the relative standard 
deviations @)/g cm -3, for each studied composition. 

Equation (1) represents the experimental data within an uncertainty 
Ap, as evaluated by 

whose mean value &, calculated over the set of 285 ( N )  values in 
Table I, is equal to 2.1 x l O - ’ g ~ m - ~ .  

In order to take into account the dependence of p on the 
composition of the liquid mixtures, the following relationship: 

was used to fit the experimental data at each temperature. It should be 
noted that Eq. (3) has been applied taking also into account the 
previously published binary data on {ED (l)/ME (2)) [6], {ED (1)/ 
DME (2)) [7] and {ME (l)/DME (2)) [8] mixtures (on the whole: 3 
pure species, 27 binaries and 12 ternaries). The bhj coefficients, 
calculated by multilinear regression using the software package TSP 
[l 11, are summarised in Table 111, together with the relative standard 
deviations o(p)/g crnp3. The efficiency of this bivariant correlation 
model seems to be quite acceptable, since it reproduces the experi- 
mental data with an average uncertainty & = 1.81 x lop4 gcmV3, 
calculated over the entire temperature and composition ranges, and 
assuming values within the 0 5 A p / g ~ m - ~  5 2.62 x l op4  interval. 

3.1. Excess Molar Volume 

The excess molar volumes ( p / c m 3  mol- I )  of the mixtures were ob- 
tained from the measured experimental densities by the usual equation: 

where Mi, are the molar masses of the mixture’s components 
( M I  = 62.070; M2 = 76.096; M3 = 90.120 g mol- ’), and p and pi are 
the densities of the mixtures and of pure species at each temperature, 
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NONELECTROLYTIC LIQUID MIXTURES 49 1 

respectively. The p data for all the mixtures were isothermally fitted 
by the method of least-squares to the equation [12]: 

VE = d 1 ~ 1 ~ 2  + ~ Z X Z X ~  + d3xIx3 + ~ ~ X I X Z ( X ~  - XI) 

+ dSx2X3(x3 - x2) + d6xlx3(xI - x3) + d7xlX2x3 ( 5 )  

A similar equation has been successfully used by other authors and 
by us in some previous papers to fit different excess mixing properties 
for different three-component liquid systems [3]. The dk parameters 
are collected in Table IV together with the standard deviation 
(T( p) / cm3  mol- ' of the different fits calculated at each tempera- 
ture. This relationships reproduces the p quantities within - = 
f0.053cm3rnol-' over all the 798 starting points, and assuming 
values in the 0.000 5 lApl(crn3mol-') 5 0.121 range. The fitting Eq. 
(5 )  has been chosen between a set of other similar relationships in view 
of the fact that it is simple in structure and that it provides good results 
inspite of the low number of empirical coefficients to be determined. 

Equation ( 5 )  formally derives from the Redlich-Kister one [13]: 

0 

when applied to the three binary subsystems (VE,  V i ,  V,",) and truncat- 
ing each polynomial in correspondence of the first power term. 

For comparison purposes, Figure 1 shows the trend of p vs. x2 for 
the three binary subsystems {ED (l)+ME (2)}, {ED (l)+DME (2)) 
and {ME (l)+DME (2)) at 25°C. It is evident that the p values are 
generally negative, with a sharp minimum centred at x2 E 0.35 for the 
ED+ DME (2ED : 1DME) and ME+DME (2ME : 1DME) binaries, 
and at x2r0.5 in the case of the ED+ME (IED: 1ME) system. This 
minimum is deeper in the sequence {ME + DME} < {ED +ME} < 
{ED+DME} and this observation is generally true at all the experi- 
mental conditions. Furthermore we mention that for the {ED+ME} 
and {ED + DME} binary systems, an increasing temperature provides 
more negative values of p, while, on the contrary, an inversion of 
this trend is observed for the {ME+DME} liquid mixtures. 

The negative values of p indicate that the packing degree is 
enhanced in these mixed liquids with respect to the pure species 
and to their ideal mixtures, suggesting that specific intermolecular 
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492 M. COCCHI et al. 

TABLE IV Coe5cients dk and standard deviations a(P)/cm3mol-' of Eq. ( 5 )  for 
{ED (l)+ME (2)+DME (3)} ternary solvent system at various temperatures 

t/'C d1 l d d z  d3 1 0 4  ds d6 d, 10za(VE) 

- 10 
- 5  
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 

- 2.244 
- 2.088 
- 1.972 
- 1.889 
- 1.833 
- 1.795 
- 1.772 
- 1.761 
- 1.755 
- 1.755 
- 1.758 
- 1.764 
- 1.773 
- 1.790 
- 1.815 
- 1.852 
- 1.906 
- 1.987 
-2.100 

- 203.5 - 3.963 
- 195.7 -4.167 
- 185.3 -4.351 
- 172.6 -4.516 
- 158.3 - 4.668 
- 142.5 - 4.806 
- 125.7 -4.936 
- 107.9 - 5.061 
- 89.83 - 5.183 
-71.41 -5.306 
- 52.68 - 5.435 
- 33.90 - 5.569 
- 15.13 - 5.717 

3.964 -5.877 
23.25 -6.058 
43.10 -6.260 
63.74 -6.485 
85.49 -6.742 

109.0 -7.030 

-8.318 
- 7.079 
- 5.992 
- 5.063 
-4.299 
- 3.699 
- 3.248 
-2.971 
- 2.832 
- 2.862 
- 3.016 
- 3.261 
- 3.614 
- 4.029 
-4.514 
-5.017 
- 5.497 
- 5.957 
- 6.282 

1.633 
1.520 
1.467 
1.468 
1.503 
1.559 
1.621 
1.680 
1.730 
1.761 
1 .I73 
1.762 
1.723 
1.664 
1.586 
1.500 
1.416 
1.342 
1.307 

- 4.676 - 24.63 
- 4.822 - 24.68 
-4.943 - 24.85 
-5.049 -25.15 
- 5.126 - 25.55 
-5.180 -26.04 
- 5.205 - 26.61 
- 5.201 - 27.21 
- 5.168 - 27.89 
- 5.105 - 28.58 
- 5.012 - 29.27 
- 4.892 - 29.97 
-4.746 - 30.65 
-4.579 -31.30 
- 4.390 - 3 1.90 
-4.185 -32.46 
- 3.972 - 32.96 
- 3.748 - 33.36 
- 3.525 - 33.70 

8.5 
7.8 
7.3 
7.0 
6.8 
6.6 
6.5 
6.4 
6.5 
6.6 
6.8 
7.1 
7.6 
8.1 
8.8 
9.6 

10 
12 
13 

0 0.2 0.4 0.6 0.8 1 

x2 

FIGURE 1 Excess molar volumes P against xz for the three binary subsystems at 
25°C ED (l)+ME (2); A ED (l)+DME (2); ME (l)+DME (2). 

interactions such as hydrogen bonding and dipolar interactions of 
any kind between the component molecules are more effective and 
operative. Therefore, the attractive interactions (which are generally 
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NONELECTROLYTIC LIQUID MIXTURES 493 

responsible for structure-making effects) seem to be the prevailing 
forces in the liquid structure [14] of these mixed nonelectrolytic 
solutions, with respect to repulsive phenomena due to sterical hin- 
drances and unfavourable interactions between polar and apolar 
groups (structure-breaking effects). These considerations agree with 
the literature suggestions about the molecular dynamics of the se- 
lected species ED [15], ME [16] and DME [17]. In fact, it has been 
demonstrated that all these molecules can exist in different rotameric 
conformers, i.e., anti and gauche. The gauche conformers of ED and 
ME are strongly stabilised by the presence of an intramolecular 
hydrogen bond (whose energy is about 24kJmol-' at ordinary 
conditions) [18,19], and this skeletal arrangement resembles the 
molecules to a pseudo-cyclic form, having density and entropy values 
higher than the more or less linear anti conformers. Obviously the 
molecular arrangement is quite different for the DME units, because 
of the total absence of HBD (Hydrogen Bonding Donor) sites, and in 
presence of 2HBA (Hydrogen Bonding Acceptor) sites. In this respect, 
one should remember that ED shows parity in HBDA active sites, 
while disparity is observed in the ME species (1HBD : 2HBA), this 
fact being responsible for a possible interactive competition between 
hydrophilic and hydrophobic substituent groups in order to provide 
an heterocooperative network able to sustain the liquid structure and 
the most common local density fluctuations. 

In order to check the presence of three-component adducts in these 
liquid mixtures, we have plotted the p quantity at each investigated 
temperature in the ternary composition domain {xl, x2, xg} and, as an 
example, the results at 25°C are shown in Figure 2. An accurate 
examination of these plots does not furnish any evidence of stable 
three-component adducts in this ternary solvent system, relative 
minima being absent in the ternary domain other than those detected 
along the binary axes of the three binary subsystems. Similar trends as 
described in Figure 2 have been obtained at all the temperatures in the 
investigated range - 10 5 t/T! 5 80, presenting only slight deforma- 
tions of the surface = p { x I ,  x2, x3} and of the corresponding iso- 
lines in the ternary domain. The presence of an absolute minimum at all 
the temperatures in correspondence of the binary composition 2ED : 
lDME probably suggests that the corresponding termolecular solvent- 
cosolvent adduct is the most stable one in these ternary mixtures. 
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494 M. COCCHI ef af. 

FIGURE 2 (a) Pictorial view of 
ME (2) + DME (3)} ternary system at 25°C; (b) isolines at constant p. 

against composition X, surface for {ED (1)+ 

From a theoretical point of view, an examination of the partial 
derivatives of the excess properties seems to be of particular inter- 
est. The partial molar excess volume V: of the i-th species in a 
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NONELECTROLYTIC LIQUID MIXTURES 495 

multi-component mixture can be determined from the excess molar 
volume by the equation [20]: 

from which the partial molar volume V i  can be evaluated as follows: 

Vi = vp + v; (8) 

where is the molar volume of the i-th pure component at each 
temperature. Considering the relationship (S), and making use of the 
dk fitting coefficients reported in Table IV, the quantity ap/axi is 
calculated at each temperature and then, using Eqs. (7) and (8), the VF 
and Vi values are determined. 

As far as BE, is concerned, the trends for the three species at 25°C 
are reported in Figure 3. The greatest evidence for these surfaces V y  = 
VF{xl, x2, x3} consists in the generally negative trends for all the three 
species. However, V: becomes slightly > 0 for ED and ME at idni te  
dilution in the DME species. This behaviour seems to be perfectly 
coherent with the above mentioned features of these components: 
the intramolecular hydrogen bonds, characteristic for the gauche 

(a) s 
FIGURE 3 Show view of partial excess molar volumes (v:) surfaces for {ED (1) + 
ME (2)+DME (3)} ternary system at 25°C: (a) ED (1); (b) ME (2); (c) DME (3). 
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-E V ,  /cm3 mol-' 

c? 9 4 h 

Y 
m 

(c) 2 
FIGURE 3 (Continued). 

conformers, probably break down in dilute region (near pure DME), 
this fact providing a volumic expansion of the components ED and 
ME rearranged as anti conformers (low density-low entropy). On the 
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NONELECTROLYTIC LIQUID MIXTURES 491 

contrary, V: values are always negative in both the cosolvents and the 
greatest molecular deformation of DME is detected in ED, while ME 
compresses DME of about 30% only with respect to ED species. 

4. CONCLUSIONS 

The theories, models and empirical treatments used here to analyse the 
experimental density data of {ED (l)+ME (2)+DME (3)) three- 
component mixtures appear to be sufficiently simple in structure but 
very effective. In connection with our previous works, we have tried to 
justify some experimental evidences considering the probable forma- 
tion of binary adducts, whose presence may be revealed only by means 
of derived quantities such as p. Moreover, the absence of singular 
points (maxima deviations from ideality) in the ternary domain {x,, 
x2, xg} allows to exclude the formation of three-component adducts 
at each experimental condition. Further information has been gained 
by studying the excess partial molar quantities. It seems very likely 
that by mixing the selected three components, DME acts as the 
major structure breaker with respect to the other two cosolvents. The 
consequent change in intermolecular forces on passing from pure to 
mixed species, has an appreciable effect on the properties of the 
molecules and, therefore, on the macroscopic behaviour of the system. 

Acknowledgments 

It is a pleasure to thank Prof. R. Seeber for constructive discussion 
about this research program. MURST of Italy is acknowledged for 
financial support. 

References 

[I] Rowlinson, J. and Swinton, F. L. (1981). Liquids and Liquid Mixtures, Academic 
Press, New York. 

[2] Tassi, L. (1996). In: “Multiphase Reactor and Polymerization System Hydro- 
dynamics-Advances in Engineering Fluid Mechanics Series”, Cheremisinoff, N. P. 
(Ed.), Gulf Publishing Co.: N.J., Chp. 5, pp. 79- 104. 

[3] Marchetti, A. and Tassi, L. (1997). In: “Research Trends - Current Topics in 
Solution Chemistry”, Richard, R. (Ed.), 2, 63 - 82. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
5
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



498 M. COCCHI et al. 

[4] Cocchi, M., De Benedetti, P. G., Seeber, R., Tassi, L. and Ulrici, A. (1999). 

[I Franchini, G. C., Marchetti, A., Tassi, L. and Vaccari, G. (1998). J. Chim. Phys., 

[6] Marchetti, A., Tagltazwhi, M., Tassi, L. and Tosi, G. (1991). J. Chem. Eng. Data, 

[A Franchini, G. C., Marchetti, A., Preti, C. and Tassi, L. (1996). Ann. Chim. (Rome), 

[8] Corradini, F., Marchetti, A., Tagliazucchi, M., Tassi, L. and Tosi, G. (1994). Aust. 

[9] Marchetti, A., Martignani, A. and Tassi, L. (1998). J. Chem. Thermodyn., 30,653. 
[lo] Weast, R. C. (Ed.), Handbook o j  Chemistry and Physics: 66th edn., CRC, B o a  

Raton (FL), 1985. 
[ll] Hall, B. H. (Ed.) (1987). Time Series Processor - TSP - User’s Guide, TSP 

International: Stanford, CA 94305. 
[I21 Pedrosa, G. C., Salas, J. A. and Katz, M. (1990). Thermochim. Acta, 160,243. 
[I31 Redlich, 0. and Kister, A. T. (1948). Znd. Eng. Chem., 40, 341. 
[14] Eyring, H. and John, M. S. (1969). Significant Liquid Structure, Wiley, New York. 
[15] Caminati, W. and Corbelli, G. (1981). J. Mol. Spectrosc., 90, 572. 
[16] Kuhn, L. P. and Wires, A. R. (1964). J. Am. Chem. SOC., 86, 2161. 
[17] Straatsma, T. P. and McCammon, J. A. (1989). J. Chem. Phys., 90, 3300. 
[18] Buckley, P. and Brochu, M. (1972). Can. J. Chem., 50, 1149. 
[19] Viti, V. and Zampetti, P. (1973). Chem. Phys., 2, 233. 
[20] Koga, Y. and Westh, P. (1996). Bull. Chem. SOC. Jpn., 69, 1505. 

J. Chem. InJ Comput. Sci., 39, 1190. 

95, 1929. 

36, 368. 

86, 357. 

J. Chem., 47, 415. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
5
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1


