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a b s t r a c t

Thermodynamics of hydrogen bonding between water and molecules of aliphatic alcohols in dilute aque-
ous solutions is studied. The Gibbs free energies of hydrogen bonding of normal aliphatic alcohols from
methanol to octanol with liquid water are determined from experimental data. The molar fractions of
free unbonded molecules of alcohols and monomeric species of water are reported. Strong cooperative
effects are observed when an alcohol molecule binds to an associate of water, leading to huge negative
vailable online 25 November 2011

eywords:
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values of the Gibbs energies and an increased aqueous solubility. Formation of the second and third
hydrogen bonds of an alcohol molecule with water is much less favorable, what can be described as an
anti-cooperative effect.

© 2011 Elsevier B.V. All rights reserved.
ooperativity

. Introduction

Hydrogen bonds between the molecules of aliphatic alcohols
nd water have attracted a close attention of researchers for a
ong time. They have been studied using experimental (Raman and
nfrared [1], NMR [2], X-ray [3], neutron diffraction [4], calorimetry
5], dielectric relaxation [6]) and theoretical (quantum chemistry
alculations [7], molecular dynamics [8], thermodynamic models
9]) methods in different phases and media (water–alcohol mix-
ures [10], apolar solvent [11], gas phase [12], solid matrices [13],

olecular beams [14], crystals [15], solid–gas [16] and solid–liquid
nterfaces [17]) in order to determine their energetic, dynamical
nd structural properties.

Such interest is explained by both practical importance of
lcohol–water systems and simple chemical nature of aliphatic
lcohols which allows using them as a model for more complicated
ydrogen-bonding molecules. Alcoholic hydroxyls are one of the
ost common and important functional groups in organic and bio-

ogical chemistry. They are present in many bioactive molecules
nd in the active sites of biomacromolecules. Hydroxylic groups
re often involved in noncovalent hydrogen bonding between

iomolecules or between a biomolecule and aqueous medium.
hey can also be introduced to a newly synthesized hydrophobic
olecule in order to increase its hydrophilicity.

∗ Corresponding author. Tel.: +7 9600503916; fax: +7 8432315346.
E-mail addresses: igor sedov@inbox.ru (I.A. Sedov), boris.solomonov@ksu.ru

B.N. Solomonov).

378-3812/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.fluid.2011.11.015
An increase in the solubility of a molecule due to the introduc-
tion of functional groups is determined by the strength of hydrogen
bonds that these groups form with water. The process of binding of
substrates with receptors and enzymes is accompanied with dehy-
dration of the groups that take part in binding. Thus, the constants
of binding are also strongly influenced by the hydrogen bonding of
alcoholic hydroxyls with water.

The strength of hydrogen bonding of water with a dissolved
compound (A) or its single functional group can be characterized
with the standard Gibbs energy of bonding �HBG, which is related
to the fraction of free non-bonded molecules (groups) ˛, and to
the effective constant of complexation with water K, through the
following equation:

�HBGA/H2O = RT ln ˛A/H2O = −RT ln(1 + K) (1)

This quantity (�HBGA/H2O) contributes to the Gibbs energy of
hydration and to the Gibbs energy of dehydration or binding to
another molecule in water with the opposite sign. Despite their
importance, the Gibbs energies of H-bonding with liquid water at
room temperature (298 K) for alcohols are still not reported. Their
quantification is the goal of the present work.

2. Methodology

2.1. The problem of measuring thermodynamic functions of

solute–solvent hydrogen bonding

The simplest systems to study the process of hydrogen bonding
of alcohols with liquid water are their infinitely diluted aqueous

dx.doi.org/10.1016/j.fluid.2011.11.015
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
mailto:igor_sedov@inbox.ru
mailto:boris.solomonov@ksu.ru
dx.doi.org/10.1016/j.fluid.2011.11.015
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olutions, where the interactions between two alcohol molecules
an be excluded from consideration. Constants of bonding with
ater are hard to measure using spectroscopic techniques because
e cannot change the concentration of water in itself and thus we

annot change the degree of complexation of a solute with water.
ractions of alcohol molecules forming different numbers of hydro-
en bonds (one, two, three) with water were reported in simulation
tudies [18], but the fraction of a non-hydrogen-bonded form of
lcohols in water is very low, so that a simulation box can con-
ain in average less than one such molecule. This makes difficult
o calculate the free alcohol fraction from a simulation. Thermody-
amic models of solutions are useful for such task. Starting with
he experimental data on the Gibbs free energy of solvation in
ater (hydration) �solvGA/H2O at 298 K and 1 bar standard pressure,
hich are published in literature, we should somehow calculate

he Gibbs energy of solute–solvent interactions that are not caused
y hydrogen bonding. These interactions follow general laws and
orrelations, while the hydrogen bonding in water–alcohol system
s a very complicated process. First, an alcohol molecule can act
oth as hydrogen bond donor and acceptor, and can simultaneously
orm one hydrogen bond as H-donor and one or two H-bonds as
cceptor. Second, many possible structures of complexes with dif-
erent clusters of water may form, and formation of some of them
equires breaking or reorganization of H-bonds between molecules
f water in the vicinity of a solute. Thus, the Gibbs energy of hydro-
en bonding with bulk water is a weighted average of the Gibbs
nergies of all possible hydrogen-bonding processes. However, this
verage magnitude is of interest for us since it determines the influ-
nce of hydrogen-bonding processes on solute reactivity and other
hysico-chemical properties driven by the chemical potential.

Additionally, so-called cooperativity phenomenon [19] leads to
large difference in the energies of hydrogen bonds in complexes
ith one molecule of water and with a dimer or multimer of water.

his effect limits our possibility to predict the Gibbs energy of bond-
ng with clusters of water using the scales of hydrogen bond acidity
nd basicity that are based on the data for equimolar complexes
ith various proton acceptors and donors.

.2. A model to describe the Gibbs energy of solvation in water

In our works we have shown [20–22] that the Gibbs energy
f solvation in water can be represented as a sum of three con-
ributions: due to nonspecific (van der Waals) solvation effects

solv(nonsp)G
A/H2O, due to the hydrophobic effect �h.e.GA, and the

ontribution of hydrogen bonding processes (specific interactions)
int(sp)GA/H2O = �HBGA/H2O :

solvGA/H2O = �solv(nonsp)G
A/H2O + �h.e.G

A + �HBGA/H2O. (2)

The contributions of nonspecific solvation to the Gibbs energy
f solvation for various solutes A in various solvents S are shown
23] to follow the empiric equation:

�solv(nonsp)G
A/S = �solvGA/S0 + (ıgS − ıgS0 ) · VA

x +
[

a + b
√

ıgS
]

·
[
(�solvGA/SR − �solvGA/S0 ) − (ıgSR − ıgS0 ) · VA

x

]
;

(3)

a = −
√

ıgS0√
ıgSR −

√
ıgS0

;

b = 1√
ıgSR −

√
ıgS0

.

Here �solvGA/S0 , �solvGA/SR are the Gibbs energies of solvation of
olute A in the standard solvents S0 and SR, VA

x is McGowan charac-
eristic volume [24] of solute A calculated by an atom-additivity
se Equilibria 315 (2012) 16–20 17

scheme, ıgS, ıgSR , ıgS0 are the relative Gibbs energies of cavity
formation for each solvent. ıgS is given by the following equation:

ıgS = �solvGC8H18/S − �solvGC8H18/C16H34

Vx
C8H18

, (4)

where C8H18 = n-octane, C16H34 = n-hexadecane. This parameter
reflects the propensity of solvent molecules to the nonspe-
cific interactions with both other solvent molecules and solute
molecules. In the case of water, we also make a correction for the
hydrophobicity of octane. The value of ıcavgH2O was found to be
5.75 × 10−2 kJ cm−3.

The contribution due to the hydrophobic effect reflects the dif-
ference in behavior of solutions in water from solutions in other
solvents. We have shown that the Gibbs hydrophobic effect energy
is linearly dependent on the characteristic molecular volume of
solute [25]:

�h.e.G
A/(kJ mol−1) = 22.02 VA

x /(cm3 mol−1 102) + 3.65. (5)

The process of hydration of a hydrogen-bonding molecule can
be dissected into two steps: transfer into water without formation
of solute–water hydrogen bonds, and then bonding with water. The
energy change in the first step is, as for all non-hydrogen-bonding
molecules, the sum of the nonspecific hydration energy and the
Gibbs hydrophobic effect energy. The energy difference between a
non-hydrogen-bonded state of a solute in water (initial state of the
second step) and an equilibrium mixture of solute–water associates
in real solution (final state) is the Gibbs energy of specific interac-
tions in water �HBGA/H2O, so the total Gibbs energy of hydration
consists of three contributions (2) and

�HBGA/H2O = �solvGA/H2O − �solv(nonsp)G
A/H2O − �h.e.G

A. (6)

In a similar manner, we can calculate the Gibbs energy of self-
association and the fraction of monomer of water in pure liquid
water, using the Gibbs energy of vaporization of water with the
opposite sign instead of �solvGA/H2O in Eq. (6).

2.3. Empiric parameters of aliphatic alcohols

In one of our previous works [20], we have discussed the dif-
ficulties of choice of the standard solvents in Eq. (3) for aliphatic
alcohols. Good accuracy of Eq. (3) is achieved when two standard
solvents have significantly different values of the ıgS parameter.
However, the choice of standard solvents is reduced to alkanes and
some of their halogenated derivatives, since alcohols form hydro-
gen bonds even with such weak proton acceptor as benzene. Thus,
we would obtain more accurate results if we will write Eq. (3) in
the equivalent form with empiric parameters of solute pA and qA

that can be determined using a linear regression:

�solv(nonsp)G
A/S = VA

x · ıgS + pA
√

ıgS + qA. (7)

A regression of �solvGA/S − VA
x · ıgS versus

√
ıgS is conducted

for each solute in all solvents S where solute–solvent hydrogen
bonding interactions can be neglected. The parameters pA and qA

for considered aliphatic alcohols were determined previously [20],
and in the present work they were roughly estimated for water.
The values of parameters used in Eqs. (3), (5) and (6) for considered
species are given in Table 1.

3. Results and discussion

3.1. Gibbs energy of alcohol–water hydrogen bonding
Calculated values of the Gibbs energies of hydrogen bonding
with water are given in Table 2. It is clear that they are not sig-
nificantly dependent from the alkyl chain length, while two other
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Table 1
Parameters of monohydric aliphatic alcohols used to calculate their Gibbs energies of hydrogen bonding with water at T = 298 K.

Alcohol (A) VA
x /(cm3 mol−1 102) a pA qA �solvGA/H2O/(kJ mol−1) b

Methanol 0.3082 −1.99 7.35 −3.4
Ethanol 0.4491 −2.01 4.01 −3.2
Propanol 0.5900 −2.17 1.12 −2.2
Butanol 0.7309 −2.36 −2.13 −1.7
Pentanol 0.8718 −2.76 −4.06 −0.8
Hexanol 1.0127 −2.49 −8.02 −0.1
Heptanol 1.1536 −2.80 −10.62 0.1
Octanol 1.2945 −2.93 −13.64 0.8
Water 0.1673 −1.0 9.8 −8.6
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a See Ref. [21] for the procedure of calculation.
b Calculated from literature data [26].

ontributions to the Gibbs energy of solvation in water depend on
t.

.2. Gibbs energy of formation of equimolar alcohol–water
omplexes

In order to see the influence of the cooperative effect on
ydrogen-bonding strength for the complexes with water asso-
iates, it is necessary to know the Gibbs energies of bonding of
lcohols with a monomer of water. They can form two types
f equimolar complexes: ROH· · ·OH2 and HOH· · ·ROH. The Gibbs
nergies of their formation have also never been determined
xperimentally, but can be estimated from empiric correlation
elationships for the binding constants in inert medium (tetra-
hloromethane). According to the scale of acidities and basicities
f hydrogen bonds suggested by Abraham [27], the values of acid-
ty parameters of methanol and water ˛H

2 are respectively 0.37 and
.35, and the basicity parameters ˇH

2 are 0.41 and 0.38. Other linear
aturated alcohols have insignificantly different H-bond acidities
nd basicities. Parameters ˛H

2 and ˇH
2 , based on experimental data

or the 1:1 complexation constants KA· · ·B in tetrachloromethane,
re correlated with them through the equation:

g KA···B = 7.354˛H
2 ˇH

2 − 1.094. (8)

Here the constant KA· · ·B is expressed in molarity scale. We can
o to the molar fraction scale by dividing by the molar volume of
olvent, CCl4, and then convert the constant to the standard Gibbs
nergy of bonding:

HBGA···B = −RT ln 10 · (lg KA···B − lg Vm(CCl4)). (9)
Then we receive the value −5.5 kJ mol−1 for the standard Gibbs
nergy of formation of ROH· · ·OH2 complex and −5.6 kJ mol−1 for
OH· · ·ROH complex. This result is interesting to compare with the
ibbs energies of bonding of alcohols with bulk water.

able 2
he Gibbs free energies at T = 298 K of hydrogen bonding, hydrophobic effect, nonspecifi
queous solutions.

Alcohol (A) �solv(nonsp)GA/H2O/(kJ mol−1) �h.e.G

Methanol 4.4 10.4
Ethanol 1.8 13.5
Propanol −0.7 16.6
Butanol −3.6 19.7
Pentanol −5.7 22.8
Hexanol −8.2 25.9
Heptanol −10.7 29.1
Octanol −13.2 32.2
Water 8.4 7.3
3.3. Cooperativity and anticooperativity of alcohol–water
H-bonds

Simulation studies and analysis of neutron diffraction data
allow estimating fractions of different hydrogen-bonded forms of a
solute, if they are not too small (like those of non-bonded alcohols in
water) or too large. In a simulation of quite dilute (5 mol%) methanol
solution [18] it was found that about 10% of methanol molecules
have only one hydrogen bond with the associates of water through
their lone pair electron (which may be represented as W· · ·ROH).
5% of methanol molecules accept two hydrogen bonds with water
using both lone pair electrons (W2· · ·ROH), and the majority of
methanol molecules accept one and donate one hydrogen bond
(W· · ·ROH· · ·W, 45%) or accept two and donate one hydrogen bond
(W2· · ·ROH· · ·W, 40%). These data can be analyzed in terms of the
Gibbs energies.

For the process ROH + W = W· · ·ROH
�HBG◦ =�HBGA/H2O − RT ln 0.1 = − 18.2 + 5.7 = − 12.5 kJ mol−1 ;

This value includes the cost of breaking some water–water
hydrogen bonds to free water hydroxyls, since we assumed
the activity of “W” to be unity. In water the fraction of water
molecules that are not involved in hydrogen bonds with other
water molecules by at least one site is far from unity (below we
show that about 10% of hydroxyls in liquid water are free). The stan-
dard Gibbs energy of complexation between methanol and water
associate in a hypothetical inert solvent should be more negative by
several kJ mol−1. Anyway, this is already by far more negative than
the Gibbs energy of formation of bimolecular HOH· · ·ROH complex.

It is now evident that the hydrogen bonds with water clusters
in bulk water are much stronger than with a single molecule of
water – the manifestation of cooperative hydrogen bonding phe-

nomenon. At the same time, bonding of solute with more than one
molecule of water is influenced by an opposite anti-cooperative
effect [28]. We can calculate from the data above that for the process
W· · ·ROH + W = W2· · ·ROH

c solvation, and fractions of non-bonded form of aliphatic alcohols in their dilute

A/(kJ mol−1) �HBGA/H2O/(kJ mol−1) ˛ · 104

−18.2 6.5
−18.5 5.8
−18.1 6.6
−17.9 7.3
−17.9 7.2
−17.9 7.2
−18.2 6.4
−18.2 6.6
−24.3 0.56
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�HBG◦ =− RTln(0.05/0.10) = 1.7 kJ mol−1 ;
for W · · · ROH + W = W · · · ROH · · · W
�HBG◦ =− RTln(0.45/0.10) = − 3.7 kJ mol−1 ;
and for W · · · ROH · · · W + W = W2 · · · ROH · · · W
�HBG◦ = − RTln(0.40/0.45) = 0.3 kJ mol−1.

Hydrogen bonding with the second and third associates of water
s much less favorable than with the first one. Accepting two hydro-
en bonds is less favorable for an alcohol molecule than accepting
ne and donating one hydrogen bond.

.4. The fraction of monomer and free hydroxyls in liquid water.
he entropy of alcohol–water bonding

Using Eq. (1), the Gibbs energy of hydrogen bonding can be
ransformed into another interesting quantity – the fraction of free

onomeric molecules in solution. Their values are given in the last
olumn of Table 2. Only about 0.07% of alcohol molecules are not
onded with water. We also calculated that in pure water 0.0056%
f its molecules are not bonded with any other. In so-called 4C asso-
iation scheme of water, the free monomer fraction is the fourth
ower of free OH-group fraction. Thus, our data indicate that the

raction of free hydroxyls in water is
4
√

5.6 · 10−4 = 0.086 or 8.6%,
hile the estimates in literature are, 12% (analysis of IR-spectra

29]), 10% (Monte-Carlo simulation [30]), 8% (NRHB association
odel [31]), 6% (sPC-SAFT association model [31]). Our result is

n general agreement with the other.
If we assume [32] that the enthalpy of alcohol–water

onding in aqueous solutions is about −15.1 kJ mol−1,
hen the entropy of this process will equal

HBSA/H2O = (− 15100 + 18200)/(8.314 · 298) = 10.4 J K mol−1. The
ypical values of the entropies of hydrogen-bonded complexes
nvolving methanol are much less [33] (from −10 to −30 J K mol−1

n molar fractions scale). This fact may be attributed to the high
ositive entropy of reorganization of water. It should be noted
hat the hydrophobic effect which also accompanies hydration of
lcohols leads to the opposite effect: a decrease of the entropy.

.5. The importance of cooperative effects for modeling aqueous
olutions

There is a huge number of published experimental values of
omplexation constants for bimolecular hydrogen-bonded com-
lexes involving various small organic molecules and simple
mpiric equations that describe these data well. However, the
xtension of such equations to more complicated systems with
ultiple hydrogen bonds between more than two molecules,
hich play an important role in real industrial and biological pro-

esses that take place in water and other associated solvents, is
ot so simple. Cooperative effect is responsible for the change

n the energies of hydrogen bonds in such complexes, and the
eorganization of solvent associates introduces its contribution
o the thermodynamic functions. Binding with more than one

olecule or associate of solvent has, again, different energy. These
ffects make acidity/basicity parameters obtained for equimolar
omplexes inappropriate for description of more complicated com-
lexes without corrections dependent on both solute and solvent
ature.

. Conclusion
Obtained results indicate that cooperative effects of hydrogen
onding with water greatly accelerate solubilities of compounds
ontaining hydroxylic groups and seriously affect reactivity of
uch groups. The constant of complexation of methanol as H-bond

[
[
[
[
[

se Equilibria 315 (2012) 16–20 19

acceptor with associates of water as donor in aqueous medium is
at least 16 times larger than with water monomer in inert medium.
Hydrogen bonds of the same alcohol molecule with the second and
third associates of water are much weaker. Variation of the length
of alkyl radical does not lead to a significant change of the Gibbs
energy of bonding with water.

The values of the Gibbs energy of hydrogen bonding of var-
ious compounds and functional groups with water can be used
in empiric models to reflect their HB-acidity and basicity, while
parameters based on the data for equimolar complexes with proton
acceptors and donors are not suitable for water and other associ-
ated solvents.

At the same time, the magnitude �HBGA/H2O reflects the energy
of many complicated processes of creation, breaking, and rear-
rangement of hydrogen bonds. Its values can be a starting point
to investigate these processes in more details.
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List of symbols
�solvG Gibbs energy of solvation
�solv(nonsp)G Gibbs energy of nonspecific solvation
�int(sp)G Gibbs energy of specific interactions
�HBG Gibbs energy of hydrogen bonding
�h.e.G Gibbs energy of the hydrophobic effect
ıgS relative cavity formation Gibbs energy in solvent S
VA

x McGowan characteristic molecular volume of A
S0, SR standard solvents in Eq. (3)
pA, qA parameters in Eq. (7)
˛ molar fraction of the non-hydrogen-bonded form of

solute
K complexation constant
˛H

2 , ˇH
2 acidity and basicity parameters

T temperature (K)
R universal gas constant
A/S (superscript) solute A infinitely diluted in solvent S
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