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a b s t r a c t

The Flory model has been applied to linear or cyclic ether + benzene, or +toluene mixtures. In
addition, the relative variation of the molar excess enthalpy, HE

m, along homologous series of
the considered systems, has been discussed taking into account the contributions to HE

m from
the ether–ether, aromatic–aromatic and ether–aromatic interactions. It has been shown that in
CH3(CH2)u−1O(CH2CH2O)v(CH2)u−1CH3 + benzene mixtures, the u increase (v fixed) leads to a weakening
of interactions between unlike molecules, and that proximity effects also weaken this type of interactions.
In contrast, the v increase (u fixed) or cyclization lead to stronger interactions between unlike molecules.
From the application of the model, it is concluded that the random mixing hypothesis may be considered
to be valid to a large extent for many of the investigated solutions. Erroneously, strong orientational
ther

romatic
nteractions
teric effects
yclization
andom mixing

effects are predicted for 1,3-dioxolane, or 1,4-dioxane + benzene systems, but this has been attributed to
the model can not describe asymmetric HE

m curves when the mixture compounds show close values for
Vi (molar volume) and for V ∗

i
(reduction parameter for volume). Previous calculations on the basis of the

Kirkwood–Buff integrals formalism confirm that the mixture structure is close to random mixing. Flory
results on the excess molar volumes have been discussed taking into account the so-called curvature and

xcess
P* contributions to this e

. Introduction

It is known that the Flory model [1] is commonly used to
escribe simultaneously, excess molar enthalpies, HE

m, and excess
olar volumes, VE

m, of systems formed by non-polar (benzene [2])
r slightly polar compound (N,N,N-trialkylamine [3] or monoether
4]) and alkane, or involving two polar compounds as 1-alkanol + 1-
lkanol [5] or 2-methoxyethanol + hydroxyether [6]. The good
greement between experimental and theoretical results implies
hat the random mixing hypothesis, a basic assumption of the
lory model, is attained in large extent for these systems. It
ay be due to such solutions are characterized by dispersive

nteractions (benzene + alkane), or by weak dipolar interactions
monoether + alkane) or to the identical chemical nature of the
wo mixture compounds (1-alkanol + 1-alkanol). In addition, the
lory model has also been widely used to investigate order cre-
tion and order destruction processes in binary mixtures formed

y one alkane and one non-polar or slightly polar compound, with
pherical or plate like shape [7–10]. As any order effects are ignored
n the theory (random mixing hypothesis), differences between
xperimental values for the magnitudes HE

m, VE
m, CE

pm, (∂VE
m/∂T)p,

∗ Corresponding author. Tel.: +34 983 423757; fax: +34 983 423136.
E-mail address: jagl@termo.uva.es (J.A. González).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.11.023
function.
© 2010 Elsevier B.V. All rights reserved.

or −(∂VE
m/∂P)T and the corresponding Flory results are ascribed to

order effects. The main conclusion of these studies is the existence
of a short orientational order in long chain alkanes, which does not
appear in highly branched isomeric alkanes, or short chain alkanes.

The theory has been also applied to predict isobaric expansion
coefficient, ˛P isentropic, �S, or isothermal, �T compressibilities and
speeds of sound, u, of simple systems, as those involving two alka-
nes, or of the type cyclohexane or benzene + n-alkane [2,11,12]. We
have shown that the model application can be extended in two
ways. Firstly, the theory provides rather accurate predictions on ˛P,
�S, �T and u of complex mixtures as alkoxyethanol + dibutylether,
or +1-butanol [13]. Secondly, it is possible to investigate the exis-
tence of orientational effects in complex mixtures by studying the
variation of the interaction parameter, X12, with the composition
[14,15]. Here, in order to gain insight into the interactions and struc-
ture of ether + aromatic compound mixtures, the same method is
applied to investigate the validity of the random mixing hypothe-
sis in ether + benzene or + toluene mixtures. Previously, as similar
research has been presented for ether + alkane systems [16].

From a practical point of view, this type of studies is particularly

interesting as precise molecular recognition is essential to living
systems [17]. Thus, biological discriminations as enzyme–substrate
or antigen–antibody are well known. In chemical systems, molec-
ular recognition has been extensively studied using a variety of
model compounds such as 1,3-dioxane or crown ethers [17,18].

dx.doi.org/10.1016/j.tca.2010.11.023
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:jagl@termo.uva.es
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ctually, it is accepted that molecular recognition, biological or
hemical, is due to specific weak interactions between the interact-
ng groups of the respective molecules [17]. Mixtures containing
thers are also important because they are increasingly used
s additives to gasoline owing to their octane-enhancing and
ollution-reducing properties [19,20]. In addition, cyclic polyethers
ave attracted interest as model substances for bio-systems (see
bove), separation techniques, chemical analysis or in relation to
heir use in synthetic methods in organic chemistry [21,22]. In the
ase of crown ethers, this is due to the fact that they can selectively
orm strong electrostatic complexes with a large variety of ligands
n different solvents [23–25].

. The Flory model

In this section, a brief summary of the model is presented. More
etails are given in the original works [1,26–29]. The main features
f the theory are as follows: (i) molecules are divided into segments.
segment is an arbitrarily chosen isomeric portion of the molecule.

he number of segments per molecule of component i is denoted by
i and the number of intermolecular contact sites per segment by si.
ii) The mean intermolecular energy per contact is proportional to
�/�s (where � is a positive constant characterizing the energy of

nteraction for a pair of neighbouring sites and �s is the volume of a
egment). (iii) When stating the configurational partition function,
t is assumed that the number of external degrees of freedom of the
egments is lower than 3, in order to take into account the restric-
ions on the precise location of a given segment by its neighbours in
he same chain. (iv) Random mixing is assumed: the probability of
aving species of kind i neighbours to any given site is equal to the
ite fraction, �i (�i = siriNi/srN; where N = N1 + N2 is the total number
f molecules and r and s are the total number of intermolecular seg-
ents and contact sites per segment, respectively). For very large

otal number of contact sites, the probability of formation of an
nteraction between contacts sites belonging to different liquids is
1�2. Under these hypotheses, the Flory equation of state is given
y:

P̄V̄

T̄
= V̄1/3

V̄1/3 − 1
− 1

V̄ T̄
(1)

here V̄ = V/V∗; P̄ = P/P∗ and T̄ = T/T∗ are the reduced volume,
ressure and temperature, respectively. Eq. (1) is valid for pure

iquids and liquid mixtures. For pure liquids, the reduction param-
ters, V∗

i
, P∗

i
and T∗

i
can be obtained from experimental data, such

s ˛Pi and �Ti. For mixtures, the corresponding parameters are cal-
ulated as follows:

∗ = x1V∗
1 + x2V∗

2 (2)

∗ = ϕ1P∗
1 + ϕ2P∗

2 − ϕ1�2X12

ϕ1P∗
1/T∗

1 + ϕ2P∗
2/T∗

2
(3)

∗ = ϕ1P∗
1 + ϕ2P∗

2 − ϕ1�2X12 (4)

In Eqs. (3) and (4), ϕi = xiV
∗
i

/
∑

xiV
∗
i

is the segment fraction and
2 is alternatively calculated as: �2 = ϕ2/(ϕ2 + S12ϕ1). S12 is the so-
alled geometrical parameter of the mixture, which, assuming that
he molecules are spherical, is calculated as S12 = (V∗

1/V∗
2)−1/3. The

nergetic parameter, X12, also present in Eqs. (3) and (4), is defined
y similarity with:

∗ = si�ii (5)
i 2v∗2
s

s

12 = s1��

2v∗2
s

(6)
ica Acta 514 (2011) 1–9

where �� = �11 + �22 − 2�12. In Eqs. (5) and (6), v∗
s (reduction vol-

ume for segment) and �ij are changed from molecular units to molar
units per segments. HE

m is determined from:

HE
m = x1V∗

1�2X12

V̄
+ x1V∗

1P∗
1(

1

V̄1
− 1

V̄
) + x2V∗

2P∗
2(

1

V̄2
− 1

V̄
) (7)

which can be also written as:

HE
m = x1V∗

1�2X12

V̄
+ x1V∗

1ϕ2

(
V̄1 − V̄2

V̄o

)(
P∗

2

V̄2
− P∗

1

V̄1

)

+ VE
m

(V̄o)
2
(ϕ1P∗

1 + ϕ2P∗
2)

(8)

where V̄0 = ϕ1V̄1 + ϕ2V̄2. The term which depends directly on X12 in
Eq. (8) is usually named the interaction contribution [26] to HE

m. The
remaining terms are the so-called equation of state contribution
[26] to HE

m. The reduced volume of the mixture, V̄ , in Eqs. (7) and (8)
is obtained from the equation of state. Therefore, the molar excess
volume can be also calculated:

VE
m = (x1V∗

1 + x2V∗
2)(V̄ − ϕ1V̄1 − ϕ2V̄2) (9)

3. Estimation of the Flory interaction parameter

X12 can be determined from a HE
m measurement at a given com-

position from the equation [14,15]:

X12 = x1P∗
1V∗

1(1 − T̄1/T̄) + x2P∗
2V∗

2(1 − T̄2/T̄)
x1V∗

1�2
(10)

For the use of this expression, it must be taken into account that V̄ T̄
is a function of HE

m:

HE
m = x1P∗

1V∗
1

V̄1
+ x2P∗

2V∗
2

V̄2
+ 1

V̄ T̄
(x1P∗

1V∗
1 T̄1 + x2P∗

2V∗
2 T̄2) (11)

and that, from the equation of state, V̄ = V̄(T̄). For normal applica-
tions, it is possible to use the so-called p̄ ≈ 0 approximation of the
equation of state, which is a good approximation at atmospheric
pressure. More details have been given elsewhere [14,15]. Eq. (10)
generalizes that previously given to calculate X12 from HE

m at x1= 0.5
[30]. Properties of the pure compounds at 298.15 K, molar volumes,
˛Pi and �Ti, and the corresponding reduction parameters, P∗

i
and V∗

i
(i = 1, 2), needed for calculations are listed in Table 1. Values of these
properties at T /= 298.15 K were estimated according to the method
used previously [16]. X12 values determined from experimental HE

m
data at x1 = 0.5 are collected in Table 2.

4. Results

Results on HE
m and VE

m obtained from the Flory model using X12
values at x1 = 0.5 are listed in Tables 2 and 3, respectively. A com-
parison between experimental and theoretical values for HE

m and
VE

m are shown graphically in Figs. 1–4. For the sake of clarity, Table 2
also includes the relative standard deviations for HE

m defined as:

	r(HE
m) =

[
1
N

∑(
HE

m, exp − HE
m, calc

HE
m, exp

)2
]1/2

(12)
where N = 19 is the number of data points, and HE
m, exp represents

smoothed HE
m values calculated at �x1 = 0.05 in the composition

range [0.05, 0.95] from polynomial expansions given in the original
works. In order to obtain detailed information on the concentration
dependence of X12, this magnitude has been determined using Eq.
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Table 1
Flory parametersa of pure compounds at T = 298.15 K.

Compundb Vi (cm3 mol−1) ˛p × 10−3 K−1 �T × 10−12 Pa−1 V ∗
i
(cm3 mol−1) P∗

i
(J cm−3)

1O1 69.67c 1.996c 2514.6d 49.02 478.1
2O2 104.74e 1.654e 1967e 76.57 469.1
3O3 137.68f 1.261f 1440f 106 440.7
4O4 170.45g 1.1336g 1205.9g 133.74 455.2
5O5 203.40h 1.027h 1067h 162.02 450.8
6O6 235.81i 0.906j 865j 192.01 471
8O8 302.09k 0.68j 580j 236.59 485
1O2O1 104.34c 1.268l 1114.5l 80.25 573.4
2O2O2 141.33m 1.225m 1140.5m 109.38 534.6
1O1O1 89.49n 1.495n 1485n 66.3 574.2
2O1O2 126.38n 1.281n 1411n 97.0 465.3
1O2O2O1 142.93l 1.060l 821.6l 118.25 610.6
2O2O2O2 179.56o 1.11o 909.9o 141.4 586.5
THF 81.76p 1.2265p 962.3p 63.26 634.7
THP 98.19c 1.156q 990r 76.78 569.4
1,3-Dioxolane 69.98s 1.164s 758.3s 54.65 750.3
1,3-Dioxane 85.64t 1.05t 733t 68.08 675.7
1,4-Dioxane 85.71c 1.115c 738c 67.44 727.5
Benzene 89.44c 1.213c 966c 69.34 622.8
Toluene 106.89c 1.067c 912c 84.74 554.9

a Vi , molar volume, ˛p, isobaric thermal expansion coefficient; �T, isothermal compressibility; V ∗
i
, reduction parameter for volume and P∗

i
, reduction parameter for pressure.

b The figures represent the number of aliphatic groups attached to the O atoms, e.g. 1O1 is dimethylether and 1O2O2O1 is 2,5,8-trioxanonane; THF, tetrahydrofuran; THP,
tetrahydropyran.

c [65].
d Estimated according to the method reported in Ref. [66].
e [67].
f [68].
g [69].
h [70].
i [71].
j Estimated value.
k [44].
l [72].

m [73].
n [74].
o [75].
p [76].
q [77].

(
v

�

w
X
[
a

5

o
t
e
[
t
m
t
e
�
f

r [78].
s [79].
t [56].

10) and the mentioned HE
m,exp values at �x1 = 0.05. The X12 (x1)

ariation is estimated from the equation:

i =
∣∣�X12

∣∣max

i

X12(x1 = 0.5)
(13)

here
∣∣�X12

∣∣max

i
is the maximum absolute value of the

12(x1) − X12(x1 = 0.5)difference in the ranges [0.05, 0.45] (i = 1) and
0.55, 0.95] (i = 2). The corresponding values are listed in Table 4 (see
lso Figs. 5–7).

. Discussion

Previously, it has been already pointed out that, in
xaalkane + aromatic compound mixtures, specific interactions of
he n–
 type between unlike molecules exist [31–33]. Thus, the
xothermic HE

m values of the 2,5-dioxahexane + benzene system
34] could be explained on the basis of such interactions. In order,
o evaluate the strength of the ether–aromatic interactions, a
ethod widely applied is the following [35–37]. Let us denote
he positive contributions to HE

m from the disruption of the
ther–ether and aromatic–aromatic interactions by �HO–O and
Haro–aro, respectively, and by �HO–aro, the negative contribution

rom the creation of the ether–aromatic interactions. Then, we can
write:

HE
m = �HO–O + �Haro–aro + �HO–aro (14)

This equation can be extended to x1 → 0 [38,39] to evaluate
�HO–aro, the strength of the interactions between ether and the aro-
matic compound in the studied solutions. In such case, �HO–O and
�Haro–aro can be replaced by HE,∞

1 (partial excess molar enthalpy
at infinite dilution of the first component) of ether or benzene, or
toluene + alkane systems. Thus,

�HO–aro = HE,∞
1 (ether + aromatic compound)

− HE,∞
1 (ether + alkane) − HE,∞

1 (aromatic compound

+ alkane) (15)

In mixtures with linear ethers, the considered alkane is heptane,
while in cyclic ether solutions is cyclohexane. Table 5 lists �HO–aro
values for some selected mixtures. Below, we are referring to values
of the excess functions at equimolar composition and 298.15 K.
5.1. CH3(CH2)u−1O(CH2)u−1CH3 + benzene

Here, HE
m increases with u (Table 2). This may be explained on the

basis of the following effects. (i) A weakening of the ether–benzene
interactions, as the decrease of the

∣∣�HO–aro

∣∣ term for increased
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Table 2
Molar excess enthalpies, HE

m, at 298.15 K and equimolar composition for ether + benzene, or + toluene systems. The Flory interaction parameter, X12, calculated from HE
m at

equimolar compostion, and the interactional and equation of state contributions, HE
m, int

and HE
m, EOS, respectively, are also included.

Ethera HE
m(J mol−1) X12 (J cm−3) HE

m,int
(J mol−1) HE

m,EOS (J mol−1) 	r (HE
m)b Ref.

Solvent: benzene
1O1 −194c −8.23 −82 −112 0.081 [80]
2O2 −8.7 0.772 10.8 −19.6 1.30 [81]
3O3 175 7.28 128 47 0.157 [82]
4O4 320 11.63 238 82 0.125 [83]

304d 10.97 220 84 0.129 [84]
5O5 403 13.33 308 95 0.142 [71]
6O6 425 13.36 345 80 0.135 [71]
1O2O1 −179 −8.84 −130 −49 0.036 [34]
2O2O2 −281 −11.46 −207 −75 0.010 [71]
1O2O2O1 −286 −9.78 −193 −93 0.057 [82]
2O2O2O2 −428 −14.95 −318 −110 0.069 [82]
1O1O1 56 3.59 46 10 0.067 [85]
2O1O2 72 3.19 53 19 0.280 [85]
THF −364 −21.16 −268 −96 0.029 [31]
THP −253 −12.93 −187 −66 0.052 [86]
1,3-Dioxolane 79 4.53 52 17 0.670 [87]
1,3-Dioxane −157 −8.47 −114 −43 0.104 [32]
1,4-Dioxane −31 −1.63 −21.7 −9.3 7.3 [32]
Solvent: toluene
1O1 −221c −7.25 −78 −143 0.011 [80]
4O4 80e 2.72 61 19 0.136 [88]
THF −363 −19.69 −269 −94 0.030 [58]
THP −250 −11.96 −187 −63 0.082 [58]
1,3-Dioxolane 184 11.32 139 45 0.103 [58]
1,4-Dioxane 122 6.45 92 30 0.178 [58]

a For symbols, see Table 1.
b Eq. (12).
c

u
t
o
(
N
e

T
M
e
w

T = 323.15 K.
d T = 313.15 K.
e T = 303.15 K.

values indicates, which predominates over the lower posi-

ive �HO–O contribution (Table 5). This is due to the decrease
f the effective dipole moment, �̄ [40–42], of the ether: 0.599
u = 1) > 0.488 (u = 2) > 0.393 (u = 3) > 0.353 (u = 4) > 0.323 (u = 5) [42].
ote that interactions of the type dipole-induced dipole, like
ther–benzene, can be represented by an average potential pro-

able 3
olar excess volumes, VE

m at 298.15 K and equimolar composition for
ther + benzene or + toluene systems. Comparison of experimental (exp.) results
ith Flory calculations.

Systema VE
m(cm3 mol−1) Ref.

Exp. Flory

4O4 + benzene 0.1298 0.375 [83]
0.158 [89]
0.158 [90]

1O2O1 + benzene −0.017 −0.154 [34]
THF + benzene −0.252 −0.254 [91]

−0.253 [92]
−0.216 [93]

THP + benzene −0.166 −0.166 [91]
−0.163 [94]

1,3-Dioxane + benzene −0.191 [94]
−0.200 [95]

1,4-
Dioxane + benzene

−0.065 −0.078 [94]
−0.065 [95]

4O4 + toluene −0.153 −0.012b [96]
THF + toluene −0.369 −0.198 [97]

−0.344 [93]
−0.367 [98]

THP + toluene −0.162 −0.162 [97]
−0.159 [98]

1,3-Dioxolane + toluene −0.124 0.208 [98]
1,4-Dioxane + toluene −0.015 −0.015 [98]

a For symbols, see Table 1.
b Calculated at 303.15 K.
portional to ˛i�
2
j

and inversely proportional to r6 (˛i is the
polarizability of the non-polar compound (benzene); � is the
j
dipole moment of the polar component (ether) and r is the inter-
molecular distance) [43]. Therefore, one could expect then that
the higher �̄ of the oxaalkane is, the stronger are the interactions
between unlike molecules and also those between ether molecules

Fig. 1. HE
m for linear monoether (1) + benzene (2) mixtures. Points, experimental

results: (�) dimethylether (T = 323.15 K) [80]; (�) dibutylether (T = 298.15 K) [83];
(�) dihexylether (T = 298.15 K) [71]. Solid lines, Flory calculations.
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Fig. 4. VE
m for cyclic monoether (1) + benzene (2) mixtures at 298.15 K. Points, exper-

imental results: (�) [92] or (�) [91], tetrahydrofuran; (�) tetrahydropyran [91]. Solid

from the disruption of the order in longer n-alkanes by globular or
plate like shape molecules, such benzene or cyclohexane [45,46], is
ig. 2. Hm for linear polyether (1) + benzene (2) at 298.15 K. Points, exper-
mental results: (�) 2,5-dioxahexane [34]; (�) 3,6-dioxaoctane [71]; (�)
,6,8-trioxaundecane [82]. Solid lines, Flory calculations.

larger �HO–O values, Table 5). (ii) Moreover, interactions between
nlike molecules are less probable for mixtures with ethers of larger
values as their etheric surface is smaller, and it is more sterically
indered by the longer adjacent alkyl groups (steric effect). On the
ther hand, a higher positive �Haro–aro contribution is expected
ue to the larger aliphatic surface of these ethers. Note that HE

m of
enzene + n-alkane increases with the chain length of the alkane
Table A.1, Appendix A).
It is remarkable that, although X12(x1 = 0.5) increases with u
Table 2), solutions including ethers with u = 5 or 6 are char-
cterized by close X12(x1 = 0.5) values. This suggests that the
entioned systems mainly differ by geometrical factors. We have

ig. 3. HE
m for cyclic ether (1) + benzene (2) mixtures at 298.15 K. Points, experimen-

al results: (�) tetrahydrofuran [31]; (�) tetrahydropyran [86]; (�) 1,3-dioxolane
87]. Solid lines, Flory calculations.
lines, Flory calculations.

used X12(x1 = 0.5) = 13.36 J cm−3 (the value for the solution contain-
ing dihexyl ether) to predict VE

m of the system with dioctyl ether.
The result (0.506 cm3 mol−1) is in reasonable agreement with the
experimental one (0.550 cm3 mol−1 [44]). It seems that the so-
called Patterson effect [45], an extra positive contribution to HE

m

not present in these systems.

Table 4
Variations of the X12 values, �i , obtained from HE

m data at 298.15 of ether + benzene,
or + toluene mixtures in the concentration ranges [0.05, 0.5] (i = 1) and [0.5, 0.95]
(i = 2) calculated according to Eq. (13).

Systema �1 �2 Ref.

1O1 + benzene 0.222b 0.214b [80]
2O2 + benzene 3.74 2.63 [81]
3O3 + benzene 0.184 0.255 [82]
4O4 + benzene 0.282 0.152 [83]

0.278c 0.189c [84]
5O5 + benzene 0.331 0.211 [71]
6O6 + benzene 0.373 0.140 [71]
1O2O1 + benzene 0.070 0.081 [34]
2O2O2 + benzene 0.012 0.022 [71]
2O2O2O2 + benzene 0.030 0.151 [82]
1O1O1 + benzene 0.042 0.061 [85]
2O1O2 + benzene 0.511 0.354 [85]
THF + benzene 0.050 0.039 [31]
THP + benzene 0.075 0.073 [86]
1,3-Dioxolane + benzene 0.675 0.534 [87]
1,3-Dioxane + benzene 0.107 0.200 [32]
1,4-Dioxane + benzene 2.38 1.77 [32]
1O1 + toluene 0.030b 0.052b [80]
4O4 + toluene 0.195d 0.250d [88]
THF + toluene 0.013 0.067 [58]
THP + toluene 0.010 0.022 [58]
1,3-Dioxolane + toluene 0.219 0.081 [58]
1,4-Dioxane + toluene 0.307 0.203 [58]

a For symbols, see Table 1.
b Data at 323.15 K.
c Data at 313.15 K.
d Data at 303.15 K.
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Fig. 5. Flory interaction parameters, X12, for linear monoether (1) + benzene (2)
mixtures. Points, values determined from HE

m at �x1 = 0.05: (�) dimethylether
(
(

C
0
0
T
i
r
a

f

F
m
d
l

Fig. 7. Flory interaction parameters, X12, for cyclic ether (1) + benzene (2),
or + toluene (2) mixtures at 298.15 K. Points, values determined from HE

m at
�x1 = 0.05: (�) tetrahydrofuran + benzene [31]; (�) tetrahydropyran + benzene [86];
(�) 1,4-dioxane + benzene [32]; (�) tetrahydrofuran + toluene [58]; (©) tetrahy-
dropyran + toluene [58]. Solid lines, X12 values calculated from HE

m at x1 = 0.5.

Table 5
Partial excess molar enthalpies at infinite dilution of the first compound, HE,∞

1 ,
at T = 298.15 K for solute (1) + organic solvent (2) mixtures, and enthalpy of
aromatic–ether interaction, �H(aromatic–O), for ether (1) + aromatic compound (2)
systems.
T = 323.15 K) [80]; (�) dibutylether (T = 298.15 K) [83]; (�) dihexylether
T = 298.15 K) [71]. Solid lines, X12 values calculated from HE

m at x1 = 0.5.

The 	r(HE
m) values determined from the Flory model for

H3(CH2)u−1O(CH2)u−1CH3 + heptane mixtures, are 0.053 (u = 2);
.021 (u = 3); 0.020 (u = 3); 0.059 (u = 5) [16]; while 	r(HE

m) =
.047 for the benzene + octane system (Table A.1, Appendix A).
he 	r(HE

m) results for the present solutions are higher (Table 2),

ndicating that orientational effects are stronger. However, the
ather moderate 	r(HE

m) values obtained suggest that these effects
re weak, which is supported by low CE

pm negative values. So,

or the dibutylether system, CE
pm ≈ −1 J mol−1 K−1, value calcu-

ig. 6. Flory interaction parameters, X12, for linear polyether (1) + benzene (2)
ixtures at 298.15 K. Points, values determined from HE

m at �x1 = 0.05: (�) 2,5-
ioxahexane [34]; (�) 3,6-dioxaoctane [71]; (�) 3,6,8-trioxaundecane [82]. Solid

ines, X12 values calculated from HE
m at x1 = 0.5.

Systema HE,∞
1 /kJ mol−1 �H(aromatic–O)/kJ mol−1

C6H6 + n-C7 3.66 [99]
C6H6 + n-C6

b 3.97 [100]
C6H6 + C6H12 3.74 [101]
C7H8 + C6H12 2.10 [102]
1O1 + n-C10

b 1.92 [80]
2O2 + n-C7 1.60 [103]
3O3 + n-C7 0.84 [104]
4O4 + n-C7 0.531 [105]
5O5 + n-C7 0.496 [70]
1O2O + n-C7 5.48 [50]
2O2O2 + n-C7 4.53 [49]
2O1O2 + n-C7 2.42 [85]
THF + C6H12 3.37 [58]
THP + C6H12 2.22 [58]
1,3-Dioxolane + C6H12 8.99 [58]
1,3-Dioxane + C6H12 7.74 [32]
1,4-Dioxane + C6H12 7.85 [32]
1O1 + C6H6

b −0.535 [80] −6.11
2O2 + C6H6 0.246 [81] −5.01
3O3 + C6H6 1.15 [82] −3.35
4O4 + C6H6 2.17 [83] −2.02
5O5 + C6H6 2.92 [71] −1.23
1O2O1 + C6H6 −0.815 [34] −9.95
2O2O2 + C6H6 −1.25 [71] −9.44
2O1O2 + C6H6 0.525 [85] −5.45
THF + C6H6 −1.40 [91] −8.51
THP + C6H6 −0.816 [91] −6.78
1,3-Dioxane + C6H6 −0.694 [32] −12.17
1,4-Dioxane + C6H6 −0.444 [32] −12.03
THF + C7H8 −1.33 [58] −6.8
THP + C7H8 −0.98 [58] −5.3
1,3-Dioxolane + C7H8 0.463 [58] −10.63
1,4-Dioxane + C7H8 0.206 [58] −9.74

a For symbols, see Table 1.
b T = 323.15 K.
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ated from HE
m data at 298.15 K and 313.15 K (see Table 2).

egative CE
pm values are typical of mixtures characterized by

ispersive interactions (e.g., CE
pm = −3.34 J mol−1 K−1 for the ben-

ene + heptane system [47]). On the other hand, Table 4 reveals
hat orientational effects are more important at x1 < 0.5, where
12(x1) > X12(x1 = 0.5) and the model overestimates interactions
etween unlike molecules. The opposite trend is encountered at
1 > 0.5. In CH3(CH2)u−1O(CH2)u−1CH3 or benzene + n-alkane mix-
ures, orientational effects are more relevant at low concentration
f the ether and at high concentration of benzene, respectively. This
ould explain the large values (Table 4). The large 	r(HE

m) and �i
alues obtained for the diethylether mixture merely reflects that
he model can not represent very asymmetric curves, as s-shaped
nes, when the mixture compounds show close Vi and V∗

i
values.

he same occurs for the 1,4-dioxane + benzene system. This is a
hortcoming of the model.

.2. Linear polyether or acetal + benzene

The replacement of a linear monoether by a linear polyether
f similar size leads to a HE

m decrease which may be ascribed to
nteractions between unlike molecules become stronger in the lat-
er mixtures (higher |�HO–aro| values, Table 5), in such way that
he more negative �HO–aro contribution is prevalent over the more
ositive �HO–O term. This is consistent with the higher �̄ values
f polyethers in comparison to those of monoethers. For example,

¯ (2,5-dioxahexane) = 0.653 [42]. The stronger ether–ether interac-
ions in systems with polyethers are also supported by the fact that,
t 298.15 K, the systems 2,5,8,11-tetraoxadodecane + dodecane or
,5,8,11,14-pentaoxapentadecane + decane are close to their upper
ritical solution temperatures (280.81 K and 291.98 K respectively
48]). In addition, the larger etheric surface of polyethers makes
asier the creation of the new ether–aromatic interactions upon
ixing.
HE

m of solutions including CH3(CH2)u−1O(CH2CH2O)v(CH2)u−1CH
ecreases when u is increased for a given v value (Table 2). In
he case of the longer ethers, this may be ascribed to a lower

HO–O contribution to HE
m and not to stronger ether–benzene

nteractions. In fact, �̄ (3,6-dioxaoctane) = 0.525 [42]; in heptane
olutions HE

m(J mol−1) = 889 (3,6-dioxaoctane) [49] <1285 (2,5-
ioxahexane) [50], and �HO–O (kJ mol−1) = 4.53 (3,6-dioxaoctane),
5.48 (2,5-dioxahexane) (Table 5). Similarly it may be explained
he observed decrease of HE

m when v is increased for a fixed u value.
It is known that proximity effects lead to a weakening of the

nteractions between ether molecules in mixtures with alkanes
51], as �̄ (acetal) < �̄ (diether) (e.g., �̄ (3,5-dioxaheptane) = 0.421
42]) and then �HO–O (3,6-dioxaoctane) > �HO–O (3,5-
ioxaheptane) = 2.42 kJ mol−1 (Table 5). In solutions containing
enzene, interactions between unlike molecules also become
eaker when an acetal in replaced by a diether of similar size

Table 5). In this case, the lower
∣∣�HO–aro

∣∣ term overcompensates
he decrease of the �HO–O contribution and HE

m increases (Table 2).
For linear polyether + heptane systems, we have previ-

usly obtained using Flory 	r(HE
m) = 0.055 (2,5-dioxahexane);

.065 (2,5,8-trioxanonane); 0.065 (3,6-dioxaoctane); 0.058 (2,4-
ioxapentane); 0.039 (3,5-dioxaheptane) = 0.039 [16]. These
esults are similar to those determined here for the benzene
olutions (Table 2). Therefore, it may be concluded that the
ixture structure is newly close to random mixing. Note

hat the �i values are lower than for the systems with linear

onoethers (Table 4). The observed discrepancies for the 3,5-

ioxaheptane + benzene mixture may be related to experimental
naccuracies as the HE

m curve is very shifted towards low x1 values
f the acetal when is compared to that of the 2,4-dioxapentane
olution.
ica Acta 514 (2011) 1–9 7

5.3. Cyclic ether + benzene

For monoethers, cyclization, that is, the replacement of a lin-
ear ether by a homomorphic cyclic one, also implies decreased
HE

m values, which may be explained in the same terms as above.
Ether–benzene interactions are stronger in solutions with cyclic
ethers, and the more negative �HO–aro (Table 5) contribution is
prevalent over the more positive �HO–O term. This is due to the
�̄ values of tetrahydrofuran, 0.723, and of tetrahydropyran, 0.619,
are larger than those of homomorphic linear ethers [42], and to
the oxygen atom is less sterically hindered in cyclic molecules.
Systems with diethers behave differently, depending on the con-
sidered oxaalkane. Note that HE

m(J mol−1) = −31 (1,4-dioxane) [32]
>−179 (2,5-dioxahexane) [34], which might be due to the �HO–O
contribution becomes here more relevant. However, this seems to
be no the case for the 1,3-dioxane mixture as the corresponding
HE

m value (−157 J mol−1 [32] is expected to be lower than that of
the homomorphic acetal. (See HE

m values for mixtures with 2,4-
dioxapentane, or 3,5-dioxaheptane listed in Table 2.) This merely
remarks the complex behaviour of systems with cyclic diethers.
In terms of the classical UNIFAC model, it has been shown, on the
basis on principles of unchanging geometry and approximate group
electroneutrality, that new groups must be introduced to a cor-
rect description of systems with cyclic ethers [52–54]. A similar
conclusion has been stated using DISQUAC [16,55].

Results from the Flory model for heptane mixtures are: 	r(HE
m) =

0.064 (tetrahydrofuran); 0.062 (tetrahydropyran); 0.094 (1,3-
dioxolane); 0.159 (1,3-dioxane); 0.071 (1,4-dioxane) [16]. For the
systems with benzene, 	r(HE

m) substantially differs for systems
including cyclic monoethers or cyclic diethers. For the former,
orientational effects are weak, as it is indicated by low 	r(HE

m)
and �i values (Tables 2 and 4), and then the random mixing
hypothesis may be considered to be valid to a large extent. In
contrast, the model predicts strong orientational effects in sys-
tems with 1,3-dioxolane or 1,4-dioxane. However, such effects are
weak as it is revealed by low

∣∣HE
m

∣∣ (Table 2) and CE
pm values. So,

CE
pm(J mol−1 K−1) = 1.18 (1,3-dioxolane), 0.41 (1,4-dioxane) [33].

Moreover, the corresponding molar excess isochoric heat capac-
ities, CE

Vm, are also low and positive, 0.70 and 0.55 J mol−1 K−1,
respectively [56]. This allows to conclude that the random mixing
hypothesis is also a reasonable approximation for such solutions
as, in terms of the Flory theory, CE

Vm = 0 [57].

5.4. Ether + toluene

Ether–aromatic interactions are weaker in toluene mixtures,
as the formation of such interactions is more difficult due to
the smaller aromatic surface of toluene (Table 5). This means
an increase of HE

m which, in systems with cyclic monoethers,
seems to be compensated by the decrease related to a lower
�Haro–aro contribution in such way that HE

m is practically inde-
pendent of the aromatic compound, benzene or toluene. For cyclic
diether + toluene systems HE

m is higher as the decrease of the
|�HO–aro| term is not compensated by the lower �Haro–aro con-
tribution.

The 	r(HE
m) values show that the orientational effects are weak

and that the mixture structure is here also similar to that of the
systems examined above. Accordingly, CE

pm is low for these solu-
tions (1.59, 1.34, 1.98 and 1.10 J mol−1 K−1 for the systems with
tetrahydrofuran tetrahydropyran, 1,3-dioxolane and 1,4-dioxane,

respectively [58].

Finally, it should be mentioned that the Kirkwood–Buff for-
malism [59–61] has been applied to determine the Kirkwood–Buff
integrals, Gij, and related magnitudes as linear coefficients of pref-
erential solvation, ıij, or local mole fractions, xij, for tetrahydrofuran
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Table A.1
Molar excess enthalpies, HE

m, at 298.15 K and equimolar composition for benzene + n-alkane systems. The Flory interaction parameter X12 calculated from HE
m at equimolar

compostion, the interactional contribution, HE
m,int

, and variations of the X12 values, �i (Eq. (13)), obtained from HE
m data at 298.15 are also included.

Alkanea HE
m(J mol−1) X12 (J cm−3) HE

m, int
( J mol−1) 	r (HE

m)b �1 �2

Hexanec 897 43.64 644 0.026 0.054 0.022
Octaned 969 44.13 710 0.047 0.048 0.098
Dodecaned 1101 46.90 846 0.063 0.073 0.102
Hexadecaned 1256 51.26 992 0.177 0.070 0.176
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a Flory parameters for pure alkanes are taken from [3].
b Eq. (12).
c L. Romaní, M.I. Paz-Andrade, An. Quim. 70 (1974) 422–425.
d M. Díaz Peña, C. Menduiña, J. Chem. Thermodyn. 6 (1974) 387–393.

r 1,4-dioxane + benzene, or +toluene mixtures [32,62,63]. The low
Gij

∣∣ and
∣∣ıij

∣∣ values obtained lead to xij values which are very close
o the bulk ones. Thus, the main conclusion of these studies is that
uch solutions hardly show any preferential solvation [32,62,63],
hich confirms our conclusions.

.5. Molar excess volumes

For most of the systems listed in Table 3, VE
m is negative indi-

ating that the negative contributions to this excess function
rom interactions between unlike molecules and/or from structural
ffects are predominant over the positive contribution from the
reaking of interactions between like molecules. We note that both
agnitudes HE

m and VE
m show the same sign (negative) and change

n the same sequence for cyclic ether + benzene mixtures: tetrahy-
rofuran < tetrahydropyran < 1,3-dioxane < 1,4-dioxane. This sug-
ests that the contribution to VE

m from interactions between unlike
olecules is the more important. In contrast, HE

m and VE
m are both

ositive for dibutyl, or dioctyl ether + benzene systems, and the
ontribution to VE

m from the disruption of interactions between
ike molecules becomes predominant For 1,3-dioxolane or 1,4-
ioxane + toluene, HE

m > 0 and VE
m < 0, which points out that here

tructural effects are more relevant.
The observed discrepancies between experimental and cal-

ulated values could be rather easily analyzed in terms of the
rigogine–Flory version of the theory [64]. In this version of the

odel, the curvature term of VE
m is proportional to −(V̄1 − V̄2)

2
,

nd the so-called P* term is proportional to (P∗
1 − P∗

2)(V̄1 − V̄2).
nspection of Table 3 shows that large discrepancies between the-
ry and experiment are usually encountered when the P* term is
igh in absolute value as for dibutylether + benzene, or tetrahy-
rofuran 1,3-dioxolane or 1,4-dioxane + toluene mixtures. In this
ase, the P* contribution is positive and the theoretical VE

m is
igher than the experimental value. For the 2,5-dioxahexane, or
,4-dioxane + benzene mixtures, the mentioned contribution is
egative and the Flory results are lower than the experimental ones.

. Conclusions

The relative variation of HE
m, along homologous series,

or ether + benzene, or + toluene systems has been dis-
ussed taking into account the contributions to HE

m from
ther–ether, aromatic–aromatic and ether–aromatic interac-
ions. It has been shown that the increase of u (v fixed) in
H3(CH2)u−1O(CH2CH2O)v(CH2)u−1CH3 + benzene mixtures leads
o a weakening of interactions between unlike molecules. These
nteractions are also weakened by proximity effects. In contrast,

he v increase (u fixed) or cyclization lead to stronger interactions
etween unlike molecules. From the application of the Flory
odel, it is concluded that orientational effects are weak in the

nvestigated systems, in such way that the mixture structure is
lose to random mixing. The theory predicts strong orientational
effects for 1,3-dioxolane, or 1,4-dioxane + benzene solutions, but
this has been attributed to the theory cannot describe asymmetric
HE

m curves when the mixture compounds show close Vi and V∗
i

values. Conclusions are confirmed by previous calculations on the
basis of the Kirkwood–Buff integrals formalism.

7. List of symbols

Cp heat capacity at constant pressure
H molar enthalpy
�H contribution to the molar excess enthalpy (three types

are considered; ether–ether, aromatic–aromatic and
ether–aromatic)

P pressure
P* reduction parameter for pressure in the Flory theory
T temperature
T* reduction parameter for temperature in the Flory theory
V molar volume
V* reduction parameter for volume in the Flory theory
x mole fraction
X12 interaction parameter in the Flory theory

Greek letters
�̄ effective dipole moment
	r relative standard deviation (Eq. (12))

Superscripts
E excess property
∞ property at infinite dilution

Subscripts
i mixture compound (i = 1,2)
m molar property
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Appendix A.

See Table A.1.
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