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On the interpretation of the enthalpy of solvation
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Scaled particle theory was used for calculating the enthalpy of cavity formation in the
solvation process of hydroxyl cyclohexane derivatives in water and in organic solvents.
From the values calculated for the enthalpy of formation of the cavity and from those
quoted for the enthalpy of solvation, the enthalpy of solute/solvent interaction was
determined.

This thermodynamic property shows that the formation of a cavity is an important
contribution to the enthalpy of solvation, and is strongly dependent on the structure of
the solvent. Unexpected results observed for water as compared with organic solvents are
due to the differences in the cavity formation term rather than to solute/solvent interactions.
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1. Introduction

The enthalpy of solvation is a very useful property for studying solutions. On one hand the
enthalpy is a very sensitive property to structural variations in solution, and, on the other,
as intermolecular forces in the initial state are practically non-existent, the thermodynamic
property is closely related to the effect produced in the solvent by the introduction of a
solute molecule.

It is important to note that the thermodynamic properties related to a solvation process
do not depend exclusively, even for very dilute solutions, on solute/solvent interaction
because the addition of a solute involves the formation of a cavity of adequate size to hold
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the solute molecule. The disruption of the structure of the solvent requires an amount of
energy which depends on the solute molecule size and the solvent structure. For structured
solvents cavity formation is always a significant term, and the thermodynamic properties
of solvation may lead to incorrect conclusions if the cavity term is not taken into account.
Hence any experimental effort to determine the effect produced on a solvent by adding a
solute enhances the importance of thermodynamics in the interpretation of solvation.

Following a classic scheme, dissolution can be considered as a two-step process:
(1) formation of a cavity in the solvent to hold the solute molecule; and (2) introduction of
the solute into the cavity and switching on of the interaction forces between the solute
and the solvent. This method of interpretation of the solvation process goes back to
the 1930412 Since then progress has been made resulting in better theories that can be
used for calculating the term corresponding to the cavity formation. One of the theories
used for this purpose is the scaled particle theory (SPT) developed in 1959 byeReiss
al.® for hard sphere liquids, and refined later in various paffémierotti succeeded in
applying the SPT to the study of non-polar gases in real solvents including®ater.

Since then the theory has been used for calculating the cavity term of different
thermodynamic properties of solvation. Although SPT was developed for hard sphere
fluids it is nevertheless applicable to real liquids because it contains solute and solvent
structural features which fit the equations for a wide range of systems. It is, therefore, a
semi-empirical theory, but constitutes the most powerful method for calculating the cavity
term in the solvation process. Comments on the application of the theory can be found in
the literaturd®19 Other methods have been proposed for calculating the contribution of
the cavity formation. Their results differ significantly from those of the SPT according to
some author§? but agree satisfactorily with those of the SPT according to offA@rs.

In the present work the enthalpy of solute/solvent interaction is calculated from the
enthalpy of solvation and from the enthalpy of cavity creation, this last quantity being
calculated using the initial version of SPT. The systems to which the method was applied
are solutions constituted by cyclohexane, cyclohexansll,2-cyclohexanediol, andyo
inositol as solutes and water (W), formamide (FMD), and dimethylsulphoxide (DMSOQO) as
solvents.

2. Determination of the enthalpy of solute/solvent interaction

The enthalpies of solvation at infinite dilution for the systems under study were determined
by the present authofs? except those involving cyclohexane which were taken from the
literature® Cyclohexane gives information on the interaction of the non-polar part of
the solute with the solvents which is useful to incorporate into the discussion of the data
for compounds of similar molecular structure but with different numbers of OH groups.
The results for the enthalpy of solvation at infinite dilutiageH5Y of the solutes in the
different solvents are given in table

Pierott{”) proposed an equation that relates the enthalpy of solvatigRHy to the
enthalpy of cavity formatiom\cayH and the enthalpy of solute/solvent interactivgp: HyY
as follows:

AsovH® = AcaH + AiptH®® — RT 4+« RT?, (1)
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TABLE 1. Enthalpy of solvatiomggyH° for hydroxyl cyclohexane derivatives
in different solvents aT = 29815 K

Cyclohexane Cyclohexarfbl cis—1,2-CycIohexanedi6I myolnositoPI

Solvent AsonHL /(K3 - mol~1)

W —33.2 —-70.7 —-82.4 —165.8
FMD —25.9 -57.2 —-70.3 —166.6
DMSO —21.6¢ —55.9 —69.7 —169.7

2Referencel 8a; breferencﬂSb; CreferencelSc; dreferencel?.

TABLE 2. Solvent molecular diameter,
molar volumeV*, and cubic expansion co-
efficienta at T = 29815 K

o1 v, o - 10
Solvent  — cm3-1mo|—1 K1
w 0.27% 18.07 0.257
FMD 0.394 39.9 0.746
DMSO  0.49f 71.3 0.982

aReferences 6,19,20, Preference 12
Creferencel, 22; dreference23,

whereq is the cubic expansion coefficient of the solveRtthe ideal gas constant, aid
the temperature.

The enthalpy for creating a cavity whose radius 1/2(o1 + 02) is calculated from:

2 3
AcaH =aRT2%{(1—y>2+3<1—y)<2>+3<1+2y>(2) }+pv1*y(2> ,
(1_ Y) o1 o1 o1

whereo; and o, are the solvent and solute molecular diamet@rshe pressurey =
NAymf’/(6Vl*), in which V" is the molar volume of the solvent amdh is the Avogadro
number. The parametgris a quantity that gives an indication of the molar volume fraction
occupied by the molecules.

The values used for the properties of the solvents in the calculatioh.gfH are
listed in table2. The molecular diameters of the solute were calculated from the
van der Waals volumes obtained from Bondi molecular group increments, and are
as follows: cyclohexanego, = 0.572 nm; cyclohexanolgp, = 0.586 nm; cis-1,2-
cyclohexanediolg», = 0.600 nm; andnyainositol, o> = 0.650 nm(24

Table 3 contains the results obtained fav.ayH and AjntHS® for the systems under
study.
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TABLE 3. Values calculated for the enthalpies of cavity formatidgayH and solute/solvent
interactionAjnHY for hydroxyl cyclohexane derivatives in several solvent$ at 29815 K

Cyclohexane Cyclohexanol cis-1,2-Cyclohexanediol myacInositol
AcavH AintHR AcavH AjntHY’ AcavH AjntHY AcavH AintHw

Solvent kJ-mol~1 kJ-mol~1 kJ-mol~1 kJ-mol~1 kJ-mol~1 kJ-mol-1 kJ-mol-1 kJ-mol-1
W 7.1 —-38.1 7.5 —-75.9 7.8 —87.9 9.0 —-172.5
FMD 28.9 -52.9 30.2 —-85.5 315 —100.0 36.5 —201.2
DMSO 35.9 —55.8 37.5 —91.7 39.2 —-107.1 45.3 —213.2

3. Discussion

As pointed out in previous wofk? the results obtained for the enthalpy of solvation of the
systems studied in this work are difficult to correlate with the properties of the solutes
and solvents involved. Unlike the enthalpy of solvation, the enthalpy of solute/solvent
interaction provides a deeper insight into solvation as can be seen from what follows.

Cyclohexane in any solvent gives rise to negative valuesAfgrH;’. As this solute
contains six CH groups it is possible to estimate the enthalpy of interaction between one
of these groups and the solvent. The results thus obtained are as fol6\@skJ- mol~1
in W; —8.8 kJ- mol~t in FMD; and—9.3 kJ- mol~ in DMSO.

The contribution of the OH group tajntHY can be estimated from the difference
between the results obtained for the hydroxylated solutes and the literature data of
cyclohexane. In doing so, the values calculated for the polar part of the solutes are probably
underestimated since the interaction of CH is considered similar to that gfiCshould
be somewhat smaller. For cyclohexanol, the values obtained for OH-88kJ- mol~1
in W; —33 kJ- mol~1 in FMD; and—36 kJ- mol~1 in DMSO.

The values calculated for the interaction of the polar part of cyclohexanediol and inositol
per mole of OH groups are not as negative as those observed for the monoalcohol.
Following the procedure used for cyclohexanol, a contribution of ab@% kJ- mol—1
for AintHyyY in all systems is obtained.

The decrease of solvation when the OH groups are attached to adjacent carbon atoms
may be due to several reasons. A possible explanation may lie in the existence of intra-
molecular hydrogen bonding described for polyols in the gas phase, or dissolved in inert
solvents. In factis-1,2-cyclohexanediét® 29 andmyocinositol¢”) exhibit intramolecular
hydrogen bonds which require some energy for disruption in polar media.

Theoretical calculations provide evidence for the solvation of diols in which one water
molecule is hydrogen-bonded to two neighbouring OH groups of the Sék#8. The
proximity of the hydroxyl groups would also give rise to a decrease in the solvation by not
allowing the full solvation sphere of the groups.

An important point to be considered in solvation is the behaviour of water towards non-
polar solutes. It has been observed that non-polar molecules give rise to unexpected results
for the thermodynamic properties of solvation, namely large negative values for the entropy
of solvation, and high partial molar heat capacity of the solute.
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Since the pioneering work of Frank and Evans in 184%he thermodynamic properties
of non-polar substances have been often interpreted by assuming the formation of a
layer of highly ordered water around the solute. Several molecular models have been
proposed for describing such a structti®39 Nevertheless, some results obtained for
these solutions cannot be interpreted in light of this th&€bry® Other interpretations
of the thermodynamic data have been proposed, and arguments against a structural water
enhancement induced by non-polar solutes were pres&ftéd.

Despite the increasing power of computers for the simulation of the thermodynamic
properties of solutions and the calculation of integral equations for hydrfdBamyt much
light has been shed on the mechanism of hydration of this type of solute. At present, even
the fundamental question of the degree of organization of water around a non-polar solute
during hydration is awaiting an answer.

The decomposition of a solvation property into hard and soft contributions has shown
that the results observed for water suggest the dominance of the former com{3&riEme.
present paper reinforces this thesis.

As can be seen from table AsoyH.Y for cyclohexane, cyclohexanol, and cyclohexane-
diol in water are more negative than in the other solvents. This cannot be understood from
the view point of the molecular properties of the solvents, namely dipole moment and po-
larizability. Indeed, water, among the solvents studied in this work, has the smallest values
for these properties, and therefore less negative solvation values should be expected.

By taking AintHS® instead of AsoyHY, @ much clearer picture of the solvation
phenomenon emerges. First, the “anomalous” behaviour of water givenshyH
disappearsAintHy® follows an order determined by the dipole moment and polarizability
of solutes and solvents. For any solutg:Hs’ is less negative in water than in any other
solvent.

By examining the values obtained farayH and AjrtHYX given in table3, one comes
to the conclusion that the difference between water and the organic solventsdigg fih.

This quantity is smaller for water than for the other solvents because of a smaller molecular
diameter and a lower density number. The differences between the solvent in the enthalpy
of cavity formation can be appreciated from the values obtained for faameter which

are as follows: 0.36 for water, 0.48 for formamide, and 0.52 for dimethylsulphoxide.

Owing to a weak solute/solvent interaction of the non-polar solutes in all solvents
the difference inAjntHY between solvents is rather small. AlthoughyHY of a non-
polar solute in water is less negative than in other solvetatgyH for water is much
smaller than the corresponding values for organic solvents. HaggeH X for this type
of solute is more negative in water than in the other solvents. For instangedy’
of cyclohexane in formamide is 15 kinol~! more negative than in water but as the
difference betweemcqH of the two solvents is 22 kdmol~1, AsoyHSY of this solute
in water is 73 kJ- mol~! more negative than in formamide. That is, for non-polar
solutes, which in the present work include cyclohexanol and cyclohexanediol, besides
cyclohexane the differences afintHyY between water and other solvents are overcome
by the differences o5 H.

As the polar part of the solute becomes dominang:HY decreases in all solvents,
with the decrease being more pronounced in non-aqueous than in aqueous media. The
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differences inAjntHy between the solvents exceed those found AggyH, and the
ordering of the solutes becomes in qualitative terms the same as that given either by
AsovHyyY or by AintHY. Of course,AcayH affects the solvation of all systems but its
effect on theAsqyHX value depends on the relative values\afi Hy and AcayH.

A few conclusions can be drawn from this work which do not support the existence of a
structural enhancement of water induced by non-polar solutes. Thermodynamic properties
are still the most reliable methods for obtaining information on solvation. Moreover,
the quantitative determination for solute/solvent interaction is a step forward towards a
chemical interpretation of the thermodynamic properties of solvation. This can be achieved
by using the scaled particle theory for an independent calculation of the contribution due
to cavity formation in the solvent to accommodate the solute. For the enthalpy of solvation
and for the systems studied here this theory gives a reasonable approximation. From the
data presented no evidence was found for the existence of a layer of more ordered water
around the solute.
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