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The enthalpies of transfer, AH?, of urea from water to aqueous ethanol, EtOH, propan-1-ol, PrOH, and
acetonitrile, MeCN, are reported and analysed in terms of the new solvation theory. The analyses show that the
solvation of urea is random in the considered solvent mixtures. It is also found that urea interact more strongly

with EtOH or PrOH than water.
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Introduction

Extension of the simple coordination model to take
account of the effects of changes in solvent-solvent inter-
actions is relatively straightforward and has been described
in detail elsewhere.!? Briefly a solute occupies a cavity in
the solvent structure, surrounded by its coordination sphere
of n solvent molecules. In order to complex to the solute
each of these » molecules will have broken some fraction, «,
of their bonds to other solvent molecules, resulting in
endothermic enthalpy change of —nSAAH™ where AAH®
associated with the broken bonds. Additionally there may be
a modification of solvent-solvent bonds around the coordi-
nation sphere, affecting N (note N>n) solvent molecules.
By postulating that the resulting enthalpy changes is
proportional to  AAH™ we can set it equal to an enthalpy
change, —nSAAH™, where f is the average proportionality
constant for the modified bonds and is negative if the bonds
are strengthened (leading to an exothermic contribution to
the enthalpy of solution). Finally the solute may be supposed
to interact with the modified solvent giving rise to an
enthalpy change AAH?Z. After introducing the approxi-
mation that values of « and f are constant over a range of
solvent compositions, and some manipulation this leads to:

AH’ = (& [AAH,, + (an+ BN)AAH"]
t xA +px 12
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where AH f is enthalpy of transfer of the solute from pure
solvent 4 to mixtures of 4 and a second solvent B. x4 and xz
represent the mole fractions of the components, 4 and B, of
the mixed solvent and 74 and np, N4 and Np are the number
of A and B components which are the nearest neighbours of
the solute. L4 and L are the relative partial molar enthalpies
for a binary mixtures of 4 and B components calculated
from mixing enthalpies of solvent 4 and B, AHE, as follow:
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AAH™ is the difference between the A-4 and B-B inter-
actions in the two pure solvents and is taken as the difference
between the enthalpies of condensation of the pure compo-
nents. AAH?2 is the difference between the solute-B and
solute-A interactions in the pure solvents, and if it is positive
the solute has weaker interaction with solvent B and the
negative value of this parameter indicates stronger inter-
action of the solute with solvent B. The parameter (N + N)
reflects the net effect of the solute on the solvent-solvent
bonding with aN resulting from the formation of a cavity
wherein 7 solvent molecules become the nearest neighbours
of the solute and SN reflecting the enthalpy change from
strengthening or weakening of solvent-solvent bonds of N
solvent molecules (N > n) around the cavity (£ < 0 indicates
a net strengthening of solvent-solvent bonds). The super-
script #in all cases refers to the quantities in infinite dilution
of the solute. p <1 or p > 1 indicate a preference for solvent
A or B respectively; p = 1 indicates random solvation. Ana-
lyses of AH f for TBA and a series of tetraalkylammonium
halides in mixed aqueous solvents revealed that there was a
distinct break in the solvating properties of the mixed
solvents. Thus the AH? values could not be reproduced
quantitatively by equation 1 across the whole range of
solvent compositions. This break in the solvating properties
was not found for simple electrolytes or non-electrolytes in
mixed non-aqueous systems and AH? could be reproduced
quantitatively by equation 1 over the entire range of solvent
compositions.>®

Experimental Section

EtOH, PrOH and MeCN”” were purified as described
previously. Enthalpy measurements were carried out with a
four-channel commercial microcalorimeter (Thermal Activity
Monitor 2277, Thermometric, Sweden). Each channel is a
twin heat conduction calorimeter where the heat-flow sensor
is a semi conducting thermopile (multi-junction thermo-
couple plates) positioned between the vessel holders and the
surrounding heat sink. The insertion vessel was made from
stain less steel. Urea solution (0.1 mM) was injected by use
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Table 1. Enthalpies of transfer of urea from water to aqueous
EtOH, PrOH and MeCN mixtures at 25 °C in kJ/mol

XB EtOH PrOH MeCN
0 0 0 0
0.11 0.05 0.06 0.03
0.12 0.09 0.10 0.05
0.14 0.14 0.14 0.07
0.15 0.20 0.20 0.09
0.16 0.26 0.25 0.12
0.18 0.32 0.30 0.15
0.21 0.38 0.35 0.19
0.24 0.44 0.40 0.22
0.28 0.49 0.45 0.26
0.35 0.54 0.50 0.30
0.44 0.59 0.54 0.34
0.61 0.64 0.58 0.38
1.00 0.1 1.55 —0.1

of a Hamilton syringe into the calorimetric stirred titration
vessel, which contained 1.3 mL pure EtOH, PrOH or
MeCN. The injection of urea solution into these pure
solvents was repeated 13 times, and each injection included
0.2 mL of urea solution. Results are the enthalpies of
solution for ternary solvent mixtures including urea in aque-
ous EtOH, PrOH or MeCN. The mixing enthalpies for
aqueous EtOH, PrOH or MeCN, AH”, were measured by
injection of 0.2 mL water into 1.3 mL pure EtOH, PrOH or
MeCN for 13 times. Enthalpies of solution of urea in solvent
mixtures, AHs, were calculated by subtracting AH® from
those of for ternary mixed solvents. The enthalpies of
transfer of urea, AH, f , from water to aqueous EtOH, PrOH
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Figure 1. Comparison of the experimental (symbols) and
calculated (lines) enthalpies of transfer for urea in aqueous ethanol
(@), 1-propanol ( ~ ) and acetonitrile ( O ) via equation 9. xp is
the mole fraction of EtOH, PrOH or MeCN.
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and MeCN were calculated from the enthalpies of solution,
AHs, as follow:

0
AH; = (AHy) = (AHg),,

Where (AHg),, is the enthalpy of solution of urea in
aqueous EtOH, PrOH or MeCN, and (AHg), is the
enthalpies of solution of urea in pure water. AH, tg were listed
in Table 1 (in kJ/mol) and shown graphically in Figure 1.

Discussion

Asthe AH tg values could not be reproduced quantitatively
by equation 1 over the entire range of solvent compositions,
we have extended this equation. One goal of the develop-
ment of the previous solvation model, is the prediction of the
thermodynamics consequences of changes in the solvent
system. A second approach is to use the extended equation
analytically, to obtain information about the fundamental
solvation process.

In the case of random solvation (p=1), equation 1
simplifies to:

AH? = x ,[AAH, + (an + BNYAAH | = (an+ BN)AH"
2
The enthalpy of transfer from pure solvent 4 to pure solvent

B,

A—>

A B Hf, is simply:

A—>B

AP H? = [AAHY, + (an + BN)AAH ] 3)
So that equation 2 rearranges to:

o A—>B ,,0
AH, —x H
Bt = (an+ pN) )
AH
As (an+ BN) is not constant over the range of solvent
compositions, it is possible to change equation 4 to:

AHO— 5. AR B Y .
2 BT (ot N )
AH
If the solvation is random, it is possible to define the net
effect of the solute on solvent-solvent bonds in mixture,
(an + BN)™, as a combination of these values in water-rich
domain, (an + ﬂN)j , and alcohol-rich domain, (an + SN )}Z,
which can be written:

(an+ BN)"™ = (an+ BN)5x, + (an+ N)jxg  (6)

Comparing equations 5 and 6 leads to:

v A—>B v
AH —X A H 9 9
: Al; ——— = (an+ BN)yx, + (an+ BN)yxs (7)

After reorganizing, leads to:

o  A>B g 0 E
AH/=xz A H,+(an+ pBN),x,AH

~ xp| (an+ pN)y — (an+ BN)] |AH®  (8)

AH" for non-random solvation is x 4L+ xg'Lg where



210  Bull. Korean Chem. Soc. 2006, Vol. 27, No. 2

x4 and xz' are the mole fractions of the solvent 4 and B in
the solvation shell respectively. If we apply non-random
conditions to equation 8,

AH =y R HY — (an+ pN)Lx, /L, + x5/ L)
, 6 (4 ' ’
= xp'[(an+ BN)g — (an+ BN)J[x, 'L+ xp'Lg] (9)
Where

L1
x4t pxg’

x r_ _PXp
4 b X T pxp

Where (an + ﬂN)j and (an+ ,BN)Z are the net effect of
the solute on solvent-solvent bonds in water-rich region and
alcohol-rich region respectively. The enthalpgl of transfer

A—>B . .

from pure solvent A4 to pure solvent B, © A~ H, , in equation
91is:

A—>B o 9 2] o 9 0%
R"H] = AMHY, + (an+ BN)§AHy, ~ (an+ N)JAH,

(10)

AH;* and AH;* are the enthalpies of condensation for pure
solvent 4 and B respectively. Applying equal value for
(an+ ,BN)f and (an+ ,BN)g in equation 9 leads to
equation 1.

Equation 9 has been shown to reproduce AH? for both
electrolytes and non-electrolytes in a wide range of mixed
aqueous and non-aqueous solvents.'”!'? Using equation 9
reproducing the enthalpies of transfer shows excellent
agreement between the experimental and calculated data
(Figure 1) over the whole range of solvent compositions for
urea in aqueous EtOH, PrOH and MeCN. Solvation
parameters recovered via equation 9 were reported in Table
2. In the all cases, (an-+ ﬂN)f values are negative,
indicating that the net effect of urea is a strengthening of
solvent-solvent bonds in water-rich domains.

It is generally accepted that, at low concentration, the
shorter-chain alcohols, and other small organic molecules,
enhance the structure of water.'”'® In aqueous alcohols
(an+ ,BN)f values decrease from aqueous ethanol to
propan-1-ol, indicating that the enhancement of water struc-
ture by propan-1-ol is more than that of by ethanol. Thus we
can conclude that at very low alcohol concentrations alcohol
monomers are present in an aqueous structure which has
been rigidified by interactions with alcohol alkyl residue.
This is supported by results from NMR measurements of
relaxation times of water and organic molecules in the
mixtures,'”” Xe NMR chemical shifts,'® neutron scattering, '’
and dielectric relaxation.'® The positive values of

Table 2. Solvation parameters for urea in mixturg,s of water with
EtOH, PrOH and MeCN via equation 9. AAH|, > 0 indicates
stronger interaction of urea with water

Solventsystem p (an+ SN )j (an+ N )g AAH ?2 (kJ)
H,O-EtOH 1 —-0.39 3.13 137.21
H,O-PrOH 1 —-0.64 2.73 142.04
H,O-MeCN 1 -0.11 —-0.60 -13.70
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(an+ ,BN)g indicates disruption of the alcoholic structure
by urea in the alcohol-rich region. The (an + ,BN)Z value
for aqueous acetonitrile is negative, indicating that urea
strengthen the acetonitrile structure. Both (an + ,BN)j and
(an+ ,BN)g values for water-acetonirile mixtures is
negative, indicating that the mobilities of both components
decreases in the mixtures. This is in agreement with the
diffusion coefficients of water and acetonitrile in water-
acetonirile mixtures.”’ p value for urea in aqueous EtOH,
PrOH and MeCN is one, indicating that solvation of urea in
these solvent mixtures is random. AAH?2 < 0 indicates
weaker interaction of urea with water.

Conclusion

Using equation 9 reproducing the enthalpies of transfer of
urea from water to aqueous ethanol, propan-1-ol and aceto-
nitrile shows excellent agreement between the experimental
and calculated data (Figure 1) over the whole range of
solvent compositions which is a good support for this
equation. It is clear, from these few examples and the
previous published cases,'®" that analysis of the enthalpies
of transfer in this way can give remarkable insights into
solvation in mixed solvents. Comparing these with the
results of studies using other techniques supports this
predictive theory.
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