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as poorly solvated if they were weak. In mixed solvents, the solute
as preferentially solvated by the component with which it inter-

cted more strongly. The observation of preferential solvation in
ixed solvents was particularly striking and suggested that solva-

∗ Corresponding author. Tel.: +98 2813662316; fax: +98 2813780040.
E-mail address: grb402003@yahoo.com (G. Rezaei Behbehani).

t
s
m
r
e
i
m

2

2

t

040-6031/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2008.08.014
rOH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
-dimethyl formamide from water to aqueous methanol mixtures . . . . 5

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

ion in these media was analogous to complexation, with the better
olvent taking the role of the ligand. In this review, the improved
ethod including variable (˛n + ˇN) values, have been used to

eproduce the enthalpies transfer data. The agreement between
xperimental and calculated points via new method is excellent
n all present cases and strikingly supports the new solvation

odel.

. Experimental

.1. Materials
3.2. Enthalpies of transfer for NaI in aqueous methanol, ethanol a
3.3. Enthalpies of transfer of formamide, N-methyl formamide an
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1. Introduction

The thermodynamic parameters for transfer of a solute to mixed
solvent show a number of different complex variations with the sol-
vent composition [1–4]. All of this work pointed to the dominance
of solute to near neighbour solvent molecule interactions in chem-
ical changes which result from changes in solvent. Simply, if the
interactions were strong the solute would be well solvated, while it
All materials and reagents were of analytical grade, and solu-
ions were made using double-distilled water.

http://www.sciencedirect.com/science/journal/00406031
mailto:grb402003@yahoo.com
dx.doi.org/10.1016/j.tca.2008.08.014
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.2. Method

Enthalpy measurements were carried out with a four-channel
ommercial microcalorimeter at 298 K (Thermal Activity Moni-
or 2277, Thermometric, Sweden). Each channel is a twin heat
onduction calorimeter where the heat-flow sensor is a semi
onducting thermopile (multi-junction thermocouple plates) posi-
ioned between the vessel holders and the surrounding heat sink.
he insertion vessel was made from stain less steel. The solutes
olutions (0.1 mM) were injected by use of a Hamilton syringe into
he calorimetric titration vessel, which contained 1.3 mL pure sol-
ent B. The injection of the solutes solutions into pure solvent B was
epeated 13 times with 0.2 mL the solutes solutions per injection.
esults are the enthalpies of solvation for ternary solvent mixtures

ncluding the solutes in aqueous solvent B. The enthalpies of dilu-
ions for aqueous solvent B, �HE, were measured by injection of
.2 mL water into 1.3 mL pure solvent B with the exception of the
olutes for 13 times. The calorimeter was frequently calibrated elec-
rically during the course of the study.

. Results and discussion

In the model used, a solute occupies a cavity in which n solvent
olecules are its nearest neighbours. When this cavity is formed,

ach of these n molecules must break some of its solvent–solvent
onds, giving rise to an increase in enthalpy, −n˛�H0*, where ˛

s the fraction of the molar enthalpy of solvent–solvent bonding,
H0*, associated with the broken bonds. The solute may also cause

hanges in solvent–solvent bonding over a number of molecular
iameters. On average N (note N ≥ n) solvent molecules are affected
iving rise to an enthalpy change, −Nˇ�H0*, where ˇ is the aver-
ge proportionality constant for the different modified bonds and
s negative if the bonds are strengthened. Finally the solute may
e supposed to interact with the modified solvent giving rise to
n enthalpy change ��H�

12. This model leads to Eq. (1) for the
nthalpy of transfer, �H�

t , of the solute from pure solvent A to
ixtures of A and a second solvent B:

H�
t =

(
xA + pxB

pxB

)
[��H12 + (˛n + ˇN)��H0∗]

− (˛n + ˇN)
pxB

(xALA + pxBLB) (1)

here xA and xB represent the mole fractions of the components, A
nd B, of the mixed solvent and nA and nB, NA and NB are the num-
er of A and B components which are the nearest neighbours of the
olute. p is an index of preferential solvation. p < 1 or p > 1 indicate
preference for solvent A or B, respectively; p = 1 indicates ran-

om solvation. ��H�
12 is the difference between the enthalpies of

nteraction of the solute with the two pure solvent A and B. ��H0*

s the difference between the A-A and B-B interactions in the two
ure solvents, �H0∗

A − �H0∗
B , and is taken as the difference between

he enthalpies of condensation of the pure components. The super-
cript � in all cases refers to the quantities in infinite dilution of the
olute.

The parameter (˛n + ˇN) reflects the net effect of the solute on
he solvent–solvent bonding and it is positive if there is a net break-
ng or weakening of solvent–solvent bonds and is negative if the net
ffect of the solute is to cause a strengthening of these bonds.

LA and LB are the relative partial molar enthalpies for a binary

ixtures of A and B components.
This is not truly consistent with the derivation of Eq. (1), which

ncorporates the approximations that the values of ˛ and ˇ (the
roportion of the total enthalpy of solvent–solvent bonding which

s associated with the cavity formation and modification of sol-

e
i

A

ig. 1. Comparison between calculated (lines) and experimental (points) transfer
nthalpies for LiBr (�), n-Bu4NBr (©) and n-Pen4NBr (�) in aqueous acetonirile (B)
ixtures at 298 K in kJ mol−1.

ent structure around the cavity, respectively) are the same for
ach components of the mixed solvent and that both of these and
(=nA + nB) and N (= NA + NB) are constant over the range of solvent

omposition where Eq. (1) applies. The use of a common value of
˛n + ˇN) effectively assumes that all of the solvent–solvent inter-
ctions are equally perturbed by the introduction of the solute
r, all such interactions are equal. Clearly this would be the case
or solvent systems such as mixtures of rare gases, where the
olvent–solvent interaction would be symmetrical.

.1. Introducing an improved method for reproducing enthalpy of
ransfer

The �H�
t values could not be reproduced quantitatively by Eq.

1) across the whole range of solvent composition [1–4]. The signifi-
ant reason for the failure of Eq. (1) is the approximation of constant
alues for ˛, ˇ, n, N and (˛n + ˇN) over the entire range of solvent
ompositions. The failure of Eq. (1) in most cases (Figs. 1–4) led
s to introduce the new extended coordination model of solvation
5–11]. However, it is unreasonable to suppose that the number of
he molecules neighbouring the solute and the molecules around
he cavity is the same in the solvent mixtures with different concen-
rations of cosolvent, due to different size of cosolvent molecules
nd different interactions between solvent molecules. Consider the
ase in which the solute transferred, it can not be assuring that the
umber of the molecules A neighbouring the solute is the same as
hat of B. As the parameters ˛, ˇ, n, N and (˛n + ˇN) are not con-
tant over the whole and the net effect of solute on solvent–solvent
onds in mixtures, (˛n + ˇN)mix, is change during the solvent com-
ositions, led us to introduce a new solvation model. In the case of
andom solvation when p = 1, Eq. (1) is changed to

H�
t = xB[��H�

12 + (˛n + ˇN)��H0∗] − (˛n + ˇN)�HE (2)

here �HE represent the mixing enthalpies of solvents A and B. The
nthalpy of transfer from pure solvent A to pure solvent B,
A→B
� H�

t ,
s simply

→B
� H�

t = [��H�
12 + (˛n + ˇN)��H0∗] (3)
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ig. 2. Comparison between calculated (lines) and experimental (points) transfer
nthalpies for Me4NBr (�), Pr4NBr (©), Bu4NBr (�), Pen4NBr (�) and CsBr (�) in
queous DMF (B) mixtures at 298 K in kJ mol−1.

So that Eq. (2) rearranges to

�H�
t − xB

A→B
� H�

t

�HE
= (˛n + ˇN)�

BxB (4)

As (˛n + ˇN) is not constant over the range of solvent composi-
ion, it is possible to change Eq. (4) to

�H�
t − xB

A→B
� H�

t mix
�HE
= (˛n + ˇN) (5)

It is reasonable to define the net effect of the solute on
olvent–solvent bonds in mixture, (˛n + ˇN)mix, as a combination
f these values in A-rich domain, (˛n + ˇN)�

A, and B-rich domain,

ig. 3. Comparison of the experimental (symbols) and calculated (lines) enthalpies
f transfer for NaI in aqueous methanol (�), ethanol (©) and iPrOH (�) via Eq. (8).
B is the mole fraction of ethanol, methanol or iPrOH.
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ig. 4. Comparison of the experimental (symbols) and calculated (lines) enthalpies
f transfer for FA (©), NMF (�) and DMF (�) from water to aqueous methanol via
q. (8). xB is the mole fraction of methanol.

˛n + ˇN)�
B, which can be written:

˛n + ˇN)mix = (˛n + ˇN)�
AxA + (˛n + ˇN)�

BxB (6)

If we substitute (�H�
t − xB

A→B
� H�

t )/�HE ratio instead of
˛n + ˇN)mix in Eq. (6), after reorganising, leads to

�H�
t − xB

A→B
� H�

t

�HE
= (˛n + ˇN)�

AxA + (˛n + ˇN)�
BxB (7)

In non-random conditions, �HE = x′
ALA + x′

BLB and xA and xB,
hange to x′

A and x′
B which represent the local mole fractions of

he components, A and B in the solvation sphere. Therefore in the
on-random cases Eq. (7), leads to

H�
t = x′

B

A→B
� H�

t − (˛n + ˇN)�
A[x′

ALA + x′
BLB]

−x′
B[(˛n + ˇN)�

B − (˛n + ˇN)�
A][x′

ALA + x′
BLB] (8)

here

′
A = xA

xA + pxB
, x′

B = pxB

xA + pxB
(9)

here (˛n + ˇN)�
A and (˛n + ˇN)�

B are the net effect of the solute on
olvent–solvent bonds in A-rich region and B-rich region, respec-
ively. The enthalpy of transfer from pure solvent A to pure solvent

,
A→B
� H�

t , in Eq. (8) is as follows:

→B
� H�

t = [(�H12)B − (�H12)A] + (˛n + ˇN)�
B�H0∗

B

−(˛n + ˇN)�
A�H0∗

A (10)

here [(�H12)B − (�H12)A] is the relative strengths of
olute–solvent bonds in the pure solvents including intramolecular

ontribution. For simplification it is written as ��H�

12 and if it
s positive the solute has weaker interaction with solvent B and
he negative value of this parameter indicates stronger interaction
f the solute with solvent B. �H0

A and �H0
B are the enthalpies of

ondensation for pure solvent A and B, respectively.
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Table 1
Solvation parameters for solutes in water–acetonitrile mixtures using Eq. (8)

Solute (˛n + ˇN)�
A (˛n + ˇN)�

B ��H12 p

LiBr −18.56 −13.23 352.09 0.30
n-Bu4NBr 33.00 73.75 905.51 1.85
n-Pen4NBr 29.52 64.16 751.78 3.00

p < 1 indicates preferential solvation of the solute by water and p > 1 shows preferen-
tial solvation by acetonitrile. ��H12 > 0 indicates that the interactions of the solutes
with acetonitrile are weaker than with water.

Table 2
Solvation parameters for Me4NBr, Pr4NBr, Bu4NBr, Pen4NBr and CsBr in water–DMF
mixtures using Eq. (8)

Solute (˛n + ˇN)�
A (˛n + ˇN)�

B ��H12 p

Me4NBr −0.28 1.08 55.39 1.00
Pr4NBr 5.65 0.60 −205.12 0.76
Bu4NBr 7.60 3.64 −141.84 1.50
Pen4NBr 9.88 −0.78 −448.89 0.39
CsBr 0.47 0.82 −15.89 1.00
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< 1 indicates preferential solvation of the solute by water and p > 1 shows prefer-
ntial solvation by DMF. ��H12 < 0 indicates that the interactions of the solute with
MF are stronger than with water.

If (˛n + ˇN)�
A = (˛n + ˇN)�

B = (˛n + ˇN), Eq. (8) reduces to Eq.
1).

To prove Eq. (8) experimentally we reproduced several data
sing the new model and compared them with those of recov-
red from Eq. (1) (Figs. 1–4). The solvation parameters recovered
rom these equations were reported in Tables 1–3. Using Eq. (8)
or reproducing the enthalpies of transfer shows excellent agree-

ent between the experimental and calculated data (Figs. 1–4)
ver the whole range of solvent compositions [5–11]. The values
n the water-rich domains increase systematically with the size of
on-polar alkyl residues on the solute and, for the bulkier solutes,
re relatively large.

The analysis of the thermodynamic transfer parameters using
q. (8) can give remarkable insight into solvation in mixed solvents.

(˛n + ˇN) values in MeCN-rich regions, (˛n + ˇN)�
B are more than

hose of in water-rich domains, (˛n + ˇN)�
A, which indicate the

olutes disrupts solvent–solvent bonds in MeCN more than those of
n water. The large tetraalkylammonium ions are hydrophobic and
n most non-aqueous solvents, particularly non-hydrogen bonded
olvents, it is absent. Since the hydrophobic property of tetraalky-
ammonium ions eventually will vanish with addition of MeCN to
ater, it has been expected that n-Bu4NBr and n-Pen4NBr prefer to

eave water structure in aqueous MeCN. p values recovered from Eq.
8) are more than unity for n-Bu4NBr and n-Pen4NBr which means
hese solutes preferentially solvated by MeCN. These results are
onsistence with hydrophobicity of these solutes which are good
upport for the new developed solvation theory. Using Eq. (8) repro-

ucing the enthalpies of transfer LiBr, Bu4NBr and n-Pen4NBr from
ater to aqueous MeCN shows excellent agreement between the

xperimental and calculated data (Fig. 1) over the whole range of
olvent composition which is a good support for this equation.

able 3
olvation parameters for NaI in mixtures of water with methanol, ethanol and iPrOH
ia Eq. (8)

olvent system p (˛n + ˇN)�
A (˛n + ˇN)�

B ��H�
12 (kJ mol−1)

2O–MeOH 0.58 3.60 0.71 −96.29
2O–EtOH 0.47 8.36 0.52 −266
2O–iPrOH 0.40 10.25 −3.34 −479

< 1 indicates preferential solvation of NaI by water and ��H�
12 < 0 indicates

tronger interaction of NaI with alcoholic components.
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The comparison between experimental and calculated
nthalpies transfer for tetramethylammnium bromide, Me4NBr,
etrapropylammnium bromide, Pr4NBr, tetrabutylammnium bro-

ide, Bu4NBr, tetrapentylammnium bromide, Pen4NBr and cesium
romide, CsBr in aqueous dimethylformamide, DMF, mixtures at
98 K have shown in Fig. 2. The solvation parameters for Me4NBr,
r4NBr, Bu4NBr, Pen4NBr in and CsBr in water–DMF mixtures
ecovered from Eq. (8) were listed in Table 2 In the all cases, with
he exception of Me4NBr (˛n + ˇN)�

A values are positive, indicating
hat the net effect of the solute is the breaking of solvent–solvent
onds. (˛n + ˇN)�

A values reflect the hydrophobic hydration of the
lkylresidues, leading to the enhancement of the water structure
y the non-polar alkyl groups of the tetraalkylammonium bromide
olecules. The greater is the extend of this enhancement, the

reater will be the disruption of the structure of the mixed solvent
esulting from the introduction of the solute and the greater will
e the (˛n + ˇN)�

A values. (˛n + ˇN)�
A values increase from Me4NBr

o Pen4NBr, indicating that the hydrophobic contributions increase
ith the size of alkyl groups of these solutes. The clear implica-

ion of this is that the extent to which the tetraalkylammonium
romides enhance the aqueous structure increases with the size
f alkyl residues from Me4NBr to Pen4NBr. In the DMF-rich region,
he values of (˛n + ˇN)�

B for each of the solvent system decrease
with the exception of Me4NBr), as would be expected for salvation
n a less structured medium. Because the hydrophobic hydration
s rapidly decreased by the addition Me4N+ ions eventually will
isappear as increasing amounts of DMF are added to water, we
an attribute (˛n + ˇN)�

B values to the loss of this property in
he DMF-rich region. The (˛n + ˇN)�

B value for Me4NBr is −0.28,
ndicating that Me4NBr is not hydrophobic at all. The enthalpy of
ransfer curve for Me4NBr resembles that of the non-hydrophobic
olute CsBr (Fig. 2). The Pr4NBr and Pen4NBr are preferentially
olvated by water (p < 1) whereas Bu4NBr (p > 1) is preferentially
olvated by DMF. The solvation of Me4NBr and CsBr is random
p = 1).

The agreement between the calculated and experimental trans-
er enthalpies is, in all cases, close to the limit of experimental
recision and provides striking support for Eq. (8). The elegant

eature of Eq. (8) is that it is including the structural changes in
he solvent systems over the whole range of solvent compositions
s (˛n + ˇN) value are not constant in this equation. Eq. (1) is not
ncluding solvent structural changes because of approximation of
onstant value for (˛n + ˇN) over the entire range of solvent com-
ositions.

.2. Enthalpies of transfer for NaI in aqueous methanol, ethanol
nd iPrOH

Comparison between the enthalpies of transfer of NaI from
ater to aqueous methanol, ethanol and iPrOH mixtures were

hown in Fig. 3. The solvation parameters recovered via Eq. (8)
ere reported in Table 3. (˛n + ˇN) values in most cases are
ositive, which indicates disruption of the solvent–solvent bonds
y the solute (NaI). As it is shown in Table 3, (˛n + ˇN) values
n organic-rich regions, (˛n + ˇN)�

B are smaller than those of in
ater-rich domains, (˛n + ˇN)�

A, which indicate a tendency of
oing to negative values from pure water to pure co-solvent com-
onents. We can suggest that the increase in (˛n + ˇN)�

A observed
n the water-rich region results from the increase in the size of the

on-polar alkyl groups of the alcohols. This led to the suggestion
hat the (˛n + ˇN)�

A values reflected the extend of enhancement
f water structure by the non-polar alkyl residues of the alcohol
olecules. Thus, as the size of the alkyl group increases, the solute

nteracts with a more structured solvent and (˛n + ˇN)�
A increases.
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Table 4
Solvation parameters for FA, NMF and DMF in aqueous methanol mixtures via Eq.
(8)

Solutes p (˛n + ˇN)�
A (˛n + ˇN)�

B ��H�
12 (kJ mol−1)

FA 2.25 2.93 0.17 −91.17
N
D

�
t
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MF 2.15 3.54 0.43 −94.70
MF 1.00 7.93 −0.13 −255

�H�
12 < 0 indicates that the interactions of the solutes are stronger with methanol

han with water.

values via Eq. (8) are being 0.58, 0.47 and 0.40 for NaI in aqueous
ethanol, ethanol and iPrOH, respectively, which indicate that NaI

referentially solvated by water in these solvent systems [11–15].

.3. Enthalpies of transfer of formamide, N-methyl formamide
nd N,N-dimethyl formamide from water to aqueous methanol
ixtures

Using Eq. (8) reproducing the enthalpies of transfer shows excel-
ent agreement between the experimental and calculated data
Fig. 4) over the whole range of solvent compositions for FA, NMF
nd DMF in aqueous methanol. Solvation parameters recovered via
q. (8) were reported in Table 4. In the all cases, (˛n + ˇN)�

A values
re positive, indicating that the net effect of the solutes is a weaken-
ng of the solvent–solvent bonds in water-rich domains. (˛n + ˇN)�

A
rovides a measure of the effect of the organic cosolvent on the
queous structure. Thus, when an organic species is introduced into
ater there is an enhancement of the aqueous structure, result-

ng from the interaction of water with the cosolvent, non-polar
roups. The greater the extent of this enhancement, the greater
ill be the disruption of the structure of the mixed solvent result-

ng from the introduction of the solute and the greater the value
f (˛n + ˇN)� . The values of (˛n + ˇN)� increase, and those of p
A A
ecrease, systematically from fromamide to DMF. The variation

n (˛n + ˇN)�
A has been attributed to changes in the size of the

on-polar alkyl group of the amides. (˛n + ˇN)�
A values in increase

rom FA to DMF, indicating that the disruption of solvent–solvent

[

[

[
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onds by the solutes increases in the same order in the water-rich
omain. The (˛n + ˇN)�

B value for DMF in aqueous methanol is neg-
tive, indicating that DMF strengthens the solvent–solvent bonds
n the methanol-rich domain. (˛n + ˇN)�

B values for FA and NMF
n aqueous methanol mixtures is positive, indicating that these
olutes disrupt solvent–solvent bonds in the methanol-rich region.
value for DMF in aqueous methanol is 1, indicating that solva-

ion of DMF in this solvent mixtures is random while, FA and NMF
re preferentially solvated by methanol. ��H�

12 < 0 indicates that
he interaction of the solutes are stronger with methanol than with
ater [11–18].
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