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Excess molar enthalpies Hm
E were measured for binary mixtures containing an R,ω-dichloroalkane (from

1,3-dichloropropane to 1,6-dichlorohexane) and an alkanol (1-butanol or 1-heptanol) using a Calvet
microcalorimeter at 298.15 K and normal atmospheric pressure. All mixtures exhibit endothermic behavior
for the whole composition range, which means that the rupture of interactions is energetically the most
important effect. Experimental values were used to test the predictions of three versions of the UNIFAC
group contribution model. The experimental Hm

E values are discussed in terms of molecular interactions
and the proximity effect.

Introduction
In recent years, our research has focused on the inves-

tigation of the thermodynamic properties of liquid binary
mixtures of alkanols with 1-chloroalkane1-4 and R,ω-
dichloroalkane.5 These compounds have great interest
because of the complex behavior of the self-association of
alcohol molecules and the possible cross-association of
alcohol and solvent molecules. Therefore, a knowledge of
the behavior of these mixtures constitutes a good test of
the limitations of the group contribution theories.

In this work we present the excess molar enthalpies
at 298.15 K for the binary mixtures of a R,ω-dichloro-
alkane (1,3-dichloropropane to 1,6-dichlorohexane) with a
1-alkanol (1-butanol and 1-heptanol). This systematic
study is directed to analyze the behavior of these mixtures
when the lengths of both molecules vary. Our analysis is
done in terms of the intermolecular interactions, taking
also into account the Hm

E experimental values obtained
by Santana et al.1-4 for binary mixtures of 1-chloroalkane
with alkanols.

In addition, because the R,ω-dichloroalkanes are com-
pounds with two main groups in the molecule, a change in
distance between both groups provokes a change in their
behavior and hence in the interaction parameters with
other groups. This is a so-called intramolecular proximity
effect.6 Then, these Hm

E experimental values were used to
test the predictions of the Dang and Tassios,7 Larsen et
al.,8 and Gmehling et al.9 versions of the UNIFAC group
contribution model, for which there are parameters avail-
able for chloroalkane + alkanol. The main problems
involved in the predictions for these mixtures are clearly
the existence of hydrogen bonds and the proximity effect.

Experimental Section
Materials. The chemical substances employed were

supplied by Aldrich and Fluka, and were subjected to no

further purification other than drying with Union Carbide
0.4 nm molecular sieves. Their mole fraction purities were
>0.99 for 1,3-dichloropropane, 1,4-dichlorobutane, and 1,5-
dichloropentane (Aldrich); >0.98 for 1,6-dichlorohexane
(Aldrich); and >0.99 for 1-butanol and 1-heptanol (Fluka).
Their densities, measured with an Anton Paar densimeter,
agreed well with the literature values.10-12

Apparatus and Procedure. Binary mixtures were
prepared by mass using a Mettler H51 balance (precision
(1 × 10-5 g) with a probable error in the mole fraction
less than (1 × 10-4. All molar quantities are based on the
IUPAC13 relative atomic mass table.

Excess molar enthalpies were measured using a stan-
dard Calvet microcalorimeter linked to a Philips voltmeter
PM2535 using the calibration and operating procedures
described by Paz Andrade et al.14,15 The apparatus and
procedures were tested by determining excess enthalpies
for the standard system hexane + cyclohexane at 298.15
K, and the results were found to differ by less than 1%
from those of Marsh16 and Gmehling.17 The uncertainty in
Hm

E is estimated to be less than 1%.

Results

The experimental values of Hm
E at 298.15 K are sum-

marized in Table 1. A function of the form

has been found to give the best representation of the data.
This is a modified Redlich-Kister18 equation with a skew-
ing factor to describe the asymmetric composition depen-
dence of the excess enthalpies. In this equation x is the
mole fraction of R,ω-dichloroalkane; the coefficients Aj and
k were determined by an unweighted least-squares method
using the Marquardt algorithm.19,20 The values of the
coefficients Aj and k together with the standard deviations
s are listed in Table 2 for each system.
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Discussion

The results obtained for these mixtures may be under-
stood in terms of the competition of the different energetic
effects involved. The alkanol molecules present self-as-
sociation due to the presence of a hydrogen bond, and the
chloroalkanes are molecules with high dipole moment;
during the mixing process both interactions are broken,
giving an energetic positive contribution. On the other
hand, in these mixtures the formation of hydrogen bonds
between of the alcohol group and the Cl of dichloroalkanes
might be possible, resulting in an energetic negative
contribution.

Figures 1 and 2 show the experimental Hm
E versus x

curves together with the fitted curves. For all the mixtures

studied, the excess enthalpies are positive all through the
composition range. The endothermicity of the mixtures
suggests then that the positive contributions to the excess
enthalpy, namely the breaking of interactions, are ener-
getically more important than the negative contribution,
which is a specific interaction between unlike molecules.

The maxima of the Hm
E(x) curves are slightly shifted

around the rich composition in R,ω-dichloroalkane, and this
fact means that the presence of chlorine atoms helps the
breaking of the hydrogen bonds. In this way, it is important
to take into account that for mixtures containing 1-chlo-
roalkane with alcohol1-4 the excess molar enthalpies
present the same characteristics. Nevertheless, the maxi-
mum excess enthalpy values are around 700 J‚mol-1 lower

Table 1. Experimental Excess Molar Enthalpies Hm
E for the Binary Mixtures at 298.15 K

Hm
E Hm

E Hm
E Hm

E Hm
E

x J‚mol-1 x J‚mol-1 x J‚mol-1 x J‚mol-1 x J‚mol-1

(x)1,3-Dichloropropane + (1 - x)1-Butanol
0.0952 337 0.3782 1274 0.5993 1563 0.7947 1403
0.1939 699 0.4359 1393 0.6452 1569 0.8436 1260
0.2788 987 0.4842 1474 0.6824 1546 0.9006 991
0.3243 1121 0.5451 1534 0.7438 1492 0.9535 556

(x)1,4-Dichlorobutane + (1 - x)1-Butanol
0.0797 342 0.2585 1028 0.4367 1494 0.6642 1607 0.8791 1133
0.1216 519 0.2977 1164 0.5299 1623 0.7126 1596 0.9279 833
0.1698 729 0.3482 1308 0.5670 1629 0.7645 1513
0.2127 881 0.3984 1419 0.6019 1638 0.8238 1354

(x)1,5-Dichloropentane + (1 - x)1-Butanol
0.0716 340 0.3623 1384 0.5752 1653 0.8025 1428
0.1498 690 0.4120 1512 0.6270 1651 0.8606 1236
0.2347 1013 0.4703 1560 0.6908 1616 0.9448 702
0.3096 1244 0.5294 1635 0.7500 1545

(x)1,6-Dichlorohexane + (1 - x)1-Butanol
0.0670 309 0.2144 930 0.4192 1463 0.6594 1616 0.9155 911
0.0962 451 0.2509 1047 0.4935 1563 0.7234 1544 0.9596 549
0.1394 637 0.3246 1272 0.5385 1612 0.7766 1473
0.1715 774 0.3844 1412 0.5997 1623 0.8530 1243

(x)1,3-Dichloropropane + (1 - x)1-Heptanol
0.1384 588 0.5486 1768 0.7330 1706 0.8970 1138
0.2623 1096 0.5762 1800 0.7763 1593 0.9329 862
0.3775 1463 0.6436 1778 0.8190 1484
0.4812 1671 0.6900 1754 0.8568 1325

(x)1,4-Dichlorobutane + (1 - x)1-Heptanol
0.1291 638 0.3488 1485 0.5555 1856 0.7548 1653 0.9228 895
0.1802 873 0.4009 1626 0.6085 1844 0.7916 1588 0.9612 562
0.2282 1056 0.4454 1713 0.6523 1828 0.8307 1452
0.2949 1330 0.5110 1803 0.6950 1784 0.8706 1278

(x)1,5-Dichloropentane + (1 - x)1-Heptanol
0.1125 607 0.4704 1778 0.6738 1818 0.8645 1310
0.2156 1067 0.5065 1804 0.7291 1722 0.9065 1058
0.3120 1425 0.5757 1838 0.7751 1636
0.4145 1682 0.6237 1831 0.8187 1514

(x)1,6-Dichlorohexane + (1 - x)1-Heptanol
0.0531 280 0.2494 1144 0.4412 1617 0.6520 1737 0.8513 1298
0.1037 532 0.2942 1280 0.4953 1706 0.7015 1690 0.8981 1086
0.1482 744 0.3452 1443 0.5546 1736 0.7483 1617 0.9584 577
0.1966 945 0.3967 1557 0.5995 1753 0.7987 1492

Table 2. Coefficients Aj (J‚mol-1) and k of Eq 1 and Standard Deviations s for Hm
E at T ) 298.15 K

system A0 A1 A2 A3 A4 k s/J‚mol-1

(1 - x)1-butanol +
(x)1,3-dichloropropane 5952 570 25 -1932 -0.5078 7
(x)1,4-dichlorobutane 6327 2166 -87 -1146 -0.6857 9
(x)1,5-dichloropentane 6437 2504 348 -1142 -0.6821 10
(x)1,6-dichlorohexane 6296 2413 362 -470 -903 -0.8424 7

(1 - x)1-heptanol +
(x)1,3-dichloropropane 6856 2782 -1224 -947 -0.8096 11
(x)1,4-dichlorobutane 7183 2851 -414 -1079 -0.7131 13
(x)1,5-dichloropentane 7207 2478 585 -1369 -0.6078 8
(x)1,6-dichlorohexane 6824 3194 194 -552 -0.7548 8
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than those of mixtures containing molecules with two
chlorine groups.

Comparing the present experimental data with the
excess molar enthalpy values obtained in a previous work5

for binary mixtures of R,ω-dichloroalkane (1,3-chloropro-
pane to 1,6-dichlorohexane) with pentanol or hexanol, we
conclude that the excess enthalpies increase when the
alkanol length increases, as Figure 3 shows. This effect
is sustained for the four dichloroalkanes used. For 1-
chlorobutane3 with these alkanols, the sequence is the
same, but for mixtures with 1-chlorooctane,4 the sequence
is the contrary.

The sequence obtained for 1-heptanol or 1-butanol with
the dichloroalkane chain is more complicated: the values
of the excess enthalpies increase from 1,3-dichloropropane

to 1,5-dichloropentane and decrease for the 1,6-dichloro-
hexane, like the trend obtained with the alcohols 1-pen-
tanol and 1-hexanol,5 as can be seen in Figure 3. The
diminution of Hm

E from 1,5-dichloropentane to 1,6-dichlo-
rohexane is in agreement with the proximity effect: as the
distance separating the two chlorine groups of the R,ω-
dichloroalkane increases, they become more independent,
and therefore, the behavior of their mixtures is more
similar to the one of 1-chloroalkane mixtures.

The excess molar enthalpy values at equimolecular
composition (x ) 0.5) are represented graphically in Figure
4, against n, the number of carbons of the R,ω-dichloro-
alkane, in comparison with the values predicted by the
Tassios, Larsen, and Gmehling versions of the UNIFAC
model. In Table 3 we have listed these predictions together

Figure 1. Excess molar enthalpies Hm
E against mole fraction x

for {(x)R,ω-dichloroalkane + (1 - x)alkanol} at 298.15 K. Experi-
mental results: (a) 1-butanol; (b) 1-heptanol; (b) 1,3-dichloropro-
pane; (9) 1,4-dichlorobutane; ([) 1,5-dichloropentane; (s) eq 1.

Figure 2. Excess molar enthalpies Hm
E against mole fraction x

for {(x)1,6-dichlorohexane + (1 - x)alkanol} at 298.15 K. Experi-
mental results: (9) 1-butanol; (2) 1-heptanol; (s) eq 1.

Figure 3. Excess molar enthalpies Hm
E(x ) 0.5) at equimolecular

mole fraction against the number of carbons of the R,ω-dichloro-
alkane (n): (9) butanol; ([) pentanol; (2) hexanol; (b) heptanol
(present work and ref 5).

Figure 4. Excess molar enthalpies Hm
E(x ) 0.5) at equimolecular

mole fraction against number of carbons of the R,ω-dichloroalkane
(n) with (a) 1-butanol and (b) 1-heptanol: (b) experimental values;
(2) Tassios version; (9) Larsen version; ([) Gmehling version.
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with the experimental values. The overall percentage mean
deviations (PMDs) for all the compositions in the three
versions are 12, 10, and 9%, respectively. This means that
the best predictions are obtained with the Gmehling
version. We observe that all versions give Hm

E values
which increase with the length of the alkanol chain, a fact
that agrees with the experimental sequence. The predicted

Hm
E(x ) 0.5) values decrease when the distance between

the Cl atoms of the dichloroalkane increases, in accordance
with the proximity effect and the experimental results for
1,5-dichloropentane and 1,6-dichlorohexane.

The three versions give good results, the best ones
being obtained for the excess molar enthalpies of mixtures
with the longer dichloroalkanes with the Tassios version,
as can be seen in Figures 4 and 5. For the binary mixtures
of 1-chloroalkane1-4 with 1-alkanol (from 1-butanol to
1-octanol), the Tassios version also presents better results
than the Larsen one. This confirms that the choice of the
database greatly affects the estimation of the predictions.
Actually, for the determination of the interaction param-
eters between the OH group of the alcohols and the chlorine
group, Larsen et al. used a database21 containing experi-
mental values of Gm

E for the binary systems containing
1,2-dichloroethane or 1-chlorobutane with ethanol or 1-pro-
panol and of Hm

E for 1,2-dichloroethane + 1-butanol. On
the other hand, the Tassios group used a database22

comprising excess enthalpies of systems containing 1-chlo-
robutane, 2-chlorobutane, 1-chlorooctane, and 1-alkanol. In
accordance with these databases and the proximity effect,
it is expected to find that the best results for the excess
enthalpies of mixtures containing short dichloroalkanes are
those obtained with the Larsen model, whereas the Tassios
version works better for the systems with 1,5-dichloropen-
tane and 1,6-dichlorohexane, which have longer chains. We
are not aware of the database used by Gmehling and
collaborators to determine the interaction parameters
needed to predict the excess enthalpies of these mixtures.
It must be pointed that the maximum PMD obtained with
this last version is 16% for 1,6-dichlorohexane + hexanol
whereas for the Larsen version a PMD of 20% was found
for 1,3-dichloropropane + 1-pentanol and for the Tassios
version a PMD of 32% was found for this last system.

It would be interesting to investigate how the formation
of a hydrogen bond between the Cl group and the hydroxyl
group and also the interstitial accommodation of the
molecules in the case of R,ω-dichloroalkane affect the excess
volumes. In future work a similar study will be carried out
with excess volumes.
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