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tetrahydropyran with cyclohexane or toluene

P. Brocos, A. Amigo, M. Pintos, E. Calvo, R. Bravo *

Departamento de Fisica Aplicada, Facultad de Fisica, Universidad de Santiago, E-15706,
Santiago de Compostela, Spain

Received 16 November 1995; accepted 29 February 1996

Abstract

Excess molar volumes VF at the temperatures 288.15 K, 298.15 K and 308.15 K and normal
atmospheric pressure of binary mixtures of tetrahydrofuran or tetrahydropyran with cyclo-
hexane or toluene have been computed from density measurements. From the results, the
thermal expansion coefficients, a, were estimated. The Prigogine-Flory—Patterson theory and its
applicability in predicting VE is tested.
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1. Introduction

During recent years our primary aim has been the study of the main thermodynamic
properties of mixtures of non-electrolytes, with special stress in those mixtures contain-
ing cyclic ethers, alkanols, and hydrocarbons [1-6]. In this work following the same
programme we have determined the excess molar volumes VE of binary systems
[xc<(CH,),0 + (1 — x) {c-C¢H,, or C¢H;CH,}] (p =4, 5; c =cyclo), at the tempera-
tures 288.15 K, 298.15K, 308.15 K and normal atmospheric pressure.

The scope of this work is to analyze the variations of the excess volumes under
isobaric temperature changes, the influence of the hydrocarbon chain length of the
ether upon V.F and the significance of the aromatic ring of the hydrocarbon.
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We have also performed a theoretical study under the frame work of the Prigogine—
Flory—Patterson (PFP) molecular model [7-9]. This model, born as a modification of
Flory’s theory [10,11], has been successfully applied to a large variety of liquid
mixtures. Nevertheless, the theoretical basis of the model gives rise to some restrictions
in its application, for instance, hydrogen bonds, strong dipolar interactions, complex
formation,... are excluded from this model. The origin of these limitations lies in the
proper definition of the only adjustable parameter of the theory, y,,, which derives
from the contribution of two factors: on the one hand the relative weakness of the
interaction between unlike molecules compared with those between like molecules,
and, on the other, the difference in the diameters of the mixture components. The first
factor reduces the field of application of this theory to those solutions where the
intermolecular forces between unlike molecules are smaller than those interactions
present in pure liquids. In this work we will analyze the influence of these limitations on
the prediction of excess volumes with the PFP model. To evaluate this effect we have
applied this model to the mixtures under study and we have compared the predicted
VE with our experimental values.

2. Experimental

The liquids used: tetrahydrofuran (THF), puriss. p.a.,>0.995; tetrahydropyran
(THP), purum,>0.99; cyclohexane, puriss. p.a., >0.995 and toluene, puriss. p.a.,
>0.995, were obtained from Fluka and subjected to no further purification. All the
chemicals, except cyclohexane, were stored over molecular sieves (Union Carbide
0.4 nm, from Fluka).

The solutions for the measurements of densities were prepared by mass using
a Mettler AT201 balance (precision 1077 g), and air-tight stoppered bottles. The
possible error in the mole fraction is estimated to be less than 1074,

Densities of pure components and their mixtures were measured with an Anton Paar
(model DMA 60/602) densimeter operated in the static mode and capable of a precision
of better than 107 ° g cm ™3, Table 1 reports the densities of the pure liquids at the
temperatures 288.15 K, 298.15 K and 308.15K together with the corresponding litera-
ture values, [1,2,5,6,12-19].

The temperature of the densimeter cell was controlled by an Anton Paar DT100
thermometer, and maintained constant to within 0.01 K using a Heto (type 04 PT 623)
circulating thermostat. Bidistilled and deionized water [20] and dry air [21] were used
as calibrating substances.

3. Results and discussion

Table 2 shows the experimental excess molar volumes at the temperatures 288.15 K,
298.15 K and 308.15 K. Each set of results was fitted to Eq. (1) [22]:

VEjem® mol ™) = x(1—x) 3. A,(2x— 1§~ (1)

i=1
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Table 1
Experimental densities, p, of pure components at the temperatures 288.15 K, 298.15 K and 308.15 K
Compound T/K p/(gcm?)
Experimental Literature
¢(CH,),0 28815 0.89286
298.15 0.88196 0.882339[12], 0.882698 [13]
0.88195[2], 0.88197[14]
308.15 0.87104 0.8712[15]
¢-(CH,);O 288.15 0.88890 0.88892[6]
298.15 0.87885 0.87905[16], 0.879103 1]
0.87886[1], 0.87891[5]
308.15 0.86881 0.86882[5], 0.86880[6]
c-CoH 288.15 0.78311
298.15 0.77368 0.77368[16], 0.7737(17]
308.15 0.76424
C¢H,CH, 288.15 0.87144
298.15 0.86215 0.862149[12], 0.86219 18]
308.15 0.85290 0.85286[19], 0.8522[15]

using a linear (unweighted) least-square fitting procedure. In each case, the optimum
number of coefficients was determined using an F-test [23]. Table 3 reports the values
of the parameters A; together with the standard deviations of each fit.

We have compared our experimental values of V¥ with those found in the literature,
[12,15-17,24,25]; in Table 4 we report the discrepancies at equimolar concentrations.

In order to obtain the thermal expansion coefficients of the pure liquids, the
experimental values of densities of each system have been fitted to a polynomial
function:

3

N
plgem™) =3 ¥ A (T— T,y 'x'7! 2

i=1j=1

The thermal expansion coefficients a are therefore obtained by using the equation:

a/kK ™ != —1<@> 3
p P

Table 5 lists the calculated values of « for the pure liquids at the temperatures 288.15 K,
298.15K and 308.15 K, together with those found in the literature [26-29]; the
agreement between our results and the literature data is quite good.
For the analyzed mixtures we can see that the excess molar volumes increase slightly
with temperature and that the VE-x curves are almost symmetrical about x = 0.5.
All the excess volumes for {THF or THP + cyclohexane} mixtures are positive,
whereas for the binary mixtures containing toluene all the values are negative as
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Table 3
Parameters, A;, and standard deviations, s, for least- squares fits of Eq. (1)

System Ay A, A, Ay s
T=1288.15K

x¢(CH,),O0 + (1 —x)c-CH,, 2.1144 —0.2659 0.2711 - 0.0041
x¢c-(CH,);0 + (1 —x)c-CH,y, 1.2237 —0.1543 0.1411 - 0.0024
xc-(CHp)4, O +(1 = x)C¢H,CH, —14863 —0.0683 - - 0.0024
x¢{(CH,)sO +(1 —x)C¢H;,CH;  —0.6591 —0.0336 - - 0.0024
T=298.15K

xc(CH,), O + (1 —x)c-CcH,, 2.1425 —0.2307 0.1602 - 0.0059
xc-(CHp)sO +(1 - x)e-CeHy, 1.2363 —0.1543 0.0886 —0.1126 0.0024
xc-(CH,), 0 +(1 -x)CgH,CH, —14782 —0.1397 - ~ 0.0031
x¢(CH,)sO +(1 —x)C¢H,CH, —0.6484 —0.0322 —0.0545 - 0.0014
T=308.15 K

x¢-(CH,),0 + (1 —x)c-C¢Hy, 2.1920 —0.1906 0.2521 - 0.0101
x¢(CH,)5O + (1 — x)c-C4H,y 1.2849 —0.1755 0.1047 - 0.0028
xc-(CH,), 0+ (1 -x)CgH,CH,; —1.4744 —0.1228 - - 0.0017
x¢(CH,);0+ (1 -x)CqH,CH,; —0.6236 —0.0228 - - 0.0020

Table 4
Comparison of our V£ (x = 0.5) with literature values

System T/K Ref. Discrepancy/ %
xc-(CH,),0 + (1 —x)c-CcHy, 298.15 Meyer et al. (1975) [24] 0.93
Arm and Bankay (1969) [17] 4.6
x¢-(CH,);0 + (1 —x)e-C;H 298.15 Inglese et al. (1984) [16] 2.5
xc(CH,),0 +(1 —x)C¢H;CH,  298.15 Francesconi and Comelli 0.64
(1992) [12]
Mahl et al. (1978) [25] 7.0
308.15 Oswal et al. (1979) [15] 0.69
x¢-(CH,)sO + (1 —x)C¢H,CH, 298.15 Francesconi and Comelli 1.7

(1992) [12]

indicated in Figs. 1(a) and (b). These figures also show that VE in mixtures with THF is
bigger than in those mixtures with THP.

The positive excess volumes in mixtures with cyclohexane can be understood in
terms of the breaking of the dipole--dipole interaction between ether molecules. In
mixtures with toluene the strong interaction between the n electron clouds and the
ether dipoles is dominant compared with the breaking of dipole—dipole interactions;
this results in complex formation and therefore negative excess volumes.

The fact that mixtures with THF produce greater excess volumes than those with
THP is due to the greater polarity of THF [29]. The influence is stressed in mixtures
with cyclohexane because of the steric effects due to the similar conformations of
cyclohexane and tetrahydropyran.
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Table 5
Thermal expansion coefficients, «, of pure liquids calculated from Eqgs. (2) and (3)
Compound T/K a/kK ™!
Experimental Literature
¢-(CH,),0 288.15 1.205
2908.15 1.242
308.15 1.279
c-(CH,);O 288.15 1.120
298.15 1.144
308.15 1.168
c-C¢H,, 288.15 1.186 1.188 [26]
298.15 1.216 1.213[26], 1.217 [28], 1.220 [29]
308.15 1.247 1.241 [26]
CqH;CH, 288.15 1.063 1.070 [26], 1.053 [27]
298.15 1.080 1.087 [26], 1.078 [27], 1.067 [29]
308.15 1.097 1.106 [26], 1.104 [27]
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Fig. 1. Excess molar volumes V£ and excess partial molar volumes VE at 308.15K of (a), {xc-
(CH),0 + (1 — x)c-(CH,)¢} and (b), {xc-(CHz),,O +(1 —x)C¢HsCH;3}:0, p=4; O, p=5;——, calculated
from Eq. (1) with parameters f[rom Table 2; ----- , predicted values using the PFP theory.
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Fig. 1. (Continued).

To illustrate the aforementioned characteristics Figs. 1(a) and 1(b) show the experi-
mental results at the temperature 308.15K for the systems {xc-(CH,),O + (1 — x)c-
CsH,,} and {xc-(CH,),0 + (1 — x)C,H,CH,}, respectively. Partial excess molar
volumes, V7, are also included in these figures.

In order to apply the Prigogine-Flory-Patterson molecular model it is necessary to
take into account that this model uses only one adjustable parameter, the interaction
parameter x,,, but it uses other characteristic parameters of the pure compounds
directly related to the liquid physical properties. Table 6 contains the characteristic
parameters for the pure compounds which were obtained from the thermal expansion

Table 6

Parameters for pure components

Compound v*/(cm® mol ™ 1) p*/Jem™3)
c-(CH,),O 63.13 562
c-(CH,);O 76.79 663 [6]
c-C4H,, 84.31 540

C,H,CH, 84.56 613
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Table 7
Experimental and predicted excess molar volumes at x = 0.5 using PFP theory and interaction parameters
X1z

System T/K f12/0em™3)  VE jem®mol ™! VE . Jem® mol ™!
xc-(CH,),0 + (1 - x)c-C(H,,  288.15 37.00 0.5286 0.5296
298.15 37.00 0.5356 0.5752
308.15 37.00 0.5480 0.6241
xc-(CH,)sO + (1 —x)e-C¢H,, 288.15 24.00 0.3059 0.27¢5
298.15 24.00 0.3091 0.3024
308.15 24.00 03212 0.3260
xc-(CH,);0 + (1 — x)C,H,CH, 288.15  —19.45 ~0.3716 02924
298.15 —19.45 —0.3695 —0.3180
308.15 —19.45 —0.3686 —0.3448
Xe-(CH,)s0 + (1 - x)C,H,CH, 288.15  —12.00 ~0.1648 —0.1300
298.15 —-12.00 —0.1621 —0.1403
308.15 —12.00 —0.1559 —0.1515

coeflicients, «, calculated in this work, and from the isothermal compressibility, x,
calculated by using the Lydersen—Grenkorn—Hougen method [30].

The interaction parameter y,, was calculated from excess molar enthalpies at
T=298.15K obtained from the literature [ 12, 31, 32], and Table 7 reports the values of
these parameters together with the VE predictions by PFP model at x = 0.5 compared
with our experimental results. The agreement between experimental and predicted
values is excellent, specially for the mixtures {THF or THP + cyclohexane}, where the
discrepancies are smaller than 12 per cent. Nevertheless the PFP model predicts for the
mixtures {THF or THP + toluene} a decrease of V,F with temperature, whereas the
experimental results show that the excess volumes increase with increasing tempera-
ture. These results can be explained taking into account that, for these mixtures, the
specific solute— solvent interaction is stronger than the interactions present in the pure
liquids, a situation which goes beyond the applicability of the model.

Figs. 1(a) and (b) show the excess molar volumes and partial excess molar volumes
predicted by the PFP model for the mixtures: {xc-(CH,),0 + (1 — x)c-CH,,} and
{xc«(CH,),0 + (1 —x)C4H,CH,} at the temperature 308.15 K.
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