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It’s an old story...

In 1935, Gibson, starting from the observation of a minimum for the
compressibility of the water–methanol solution, hypothesized that the
presence of methanol, unlike other types of solute, favored the association
of water molecules.

J. Gibson, J. Am. Chem. Soc. 57 (1935) 1551.



8 years later, Frank and Evans suggested that the normal water
structure is significantly enhanced by the hydrophobic entity, resulting in
a more ordered structure near the methyl headgroup, to be interpreted
as an ‘‘iceberg-like’’ structure.

It is reasonable to assume that water at a hydrophobic surface loses
hydrogen bonds, with a consequent increase of its enthalpy. In order to
compensate for the rise in enthalpy, in proximity of a hydrophobic site,
the local arrangement of water molecules expands to form low-density
water clusters with a lower entropy



Schott, in 1969, interpreted the
presence of a maximum in the
fluidity in terms of a more marked
association at the highest
temperatures. This is reasonable
if we consider that in the water–
methanol system there are three
types of associative phenomena
that compete among each other
and that involve different types of
interaction: methanol–methanol,
water–water and water–methanol.
Since the first two kinds of
interaction decrease on
increasing temperature, the
association between water and
methanol is enhanced at high
temperature.

H. Schott, J. Chem. Eng. Data 14 (1969) 236.



Water/Methanol mixtures

MD Simulations by
Ferrario, M. et al., J. Chem. Phys., 93, 5156 (1990).

The transient structures 
with a longer lifetime are 

hydrogen bonded 
water/methanol clusters.

Methyl groups are shown as grey
spheres. Large yellow spheres have
been used to highlight the positions of
water molecules and small red
spheres denote methanol oxygen
atoms.



The NMR spectrometer

FID

Ritorno all’equilibrio della magnetizzazione

NMR center (INFM-UNIME) for the study of 
the soft-matter



Methyl group (CH3)
Hydrophobic moiety

Hydroxyl group (OHm)
Hydrophilic moiety

One has separate but simultaneous
information on the different molecular
groups within the solutions.

Hydroxyl groups (OHW)



Water/Methanol mixtures

Murthy, J. Phys. Chem. A, 103, 7927 (1999).

Hydrophilic and hydrophobic moieties
have an opposite thermal behavior in
terms of the chemical shift: the hydroxyl
groups are more structured at low
temperature (hydrophilic interaction)
whereas the methyl groups are more
structured (hydrophobic interaction) at
high temperature.

Corsaro et al., Front. Phys. 13(1), 138201 (2018)



Individual chemical shift behaviour

δ increases, at constant temperature, with increasing methanol concentration. This
implies that each functional group within the solution experiences a smaller
magnetic field (due to an increase in the shielding effect) when methanol is added.

Corsaro et al., Physica A 392, 596–601 (2013) 



Relative chemical shift: OHw-CH3

Only at the highest temperatures a round off at a methanol molar
fraction at about 0.1 is observable because, being due to the structural
induced hydrophobic effect, it tends to vanish at low temperature.

Corsaro et al., Physica A 392, 596–601 (2013) 



Relative chemical shift: OHm-OHw

There is a temperature of maximum distance between hydroxyl peaks
that depends on the mixture composition. It is maximum at XMeOH ≃ 0.4.

Corsaro, et al., Front. Phys. 13(1), 138201 (2018)



Hahn Echo:



Proton spin-spin relaxation time of water/methanol mixtures vs T

Tx ~ 265K
Tk ~ 245K 



Inversion Recovery & Spin-Lattice relaxation



Tk ~ 245K 

Proton spin-lattice relaxation time of water/methanol mixtures vs T



Corsaro et al., Front. Phys. 13(1), 138201 (2018)

NMR Correlation Time τC

Larmor Frequency

Interatomic distance



Hydroxyl Correlation Time 

TL ~ 225K 
To ~ 290K 

Corsaro et al., Front. Phys. 13(1), 138201 (2018)



Methyl Correlation Time 

TL ~ 225K 
Tx ~ 265K

Corsaro et al., Front. Phys. 13(1), 138201 (2018)



Pulsed Field Gradient and Diffusion

For a Gaussian propagator



Corsaro et al. Physica A 392 (2013) 596–601

Tracer diffusion by Z.J. Derlacki et al.
J. Phys. Chem. 89 (1985) 5318

MD simulation by J.A.B. da Silva et al.
Phys. Chem. Chem. Phys. 13 (2011)
6452–6461.

The self-diffusion coefficient

As the methanol concentration increases,
DS of both OHw and CH3 groups diminishes
until a fairly constant value in a
concentration range between 0.2 and 0.5
with a minimum at about 0.4. This behavior
signals that there is a slowing down of the
dynamics in the solution with respect to
pure liquids, understandable in terms of the
existence of stronger interaction and
cluster formation.



Mallamace et al. J. Chem. Phys. 144, 064506 (2016)

Relaxation time vs. XW

The lines, obtained by a simple
smoothing procedure of the relaxation
times as a function of the water molar
fraction, are a guide for the eyes but
illustrate well how the Widom line
may depend on XW.
For all the temperatures with T >
238K, the tα(XW) behavior is regular,
vice versa in the deep supercooled
regime T < 228K, when the number of
water molecules dominates with
respect to that of the alcohol (XW

>0.6), tα suddenly increases but is
limited by the corresponding water
value.



Conclusions

The thermodynamic thresholds and their meaning in water/methanol solutions
can be summarized as follows:

XMeOH ~ 0.2 concentration of minimum compressibility marking structural
changes induced by the hydrophobic effect (seen by probing structural quantities
such as mutual variations in volume or chemical shift)

XMeOH ~ 0.4 concentration of maximum slow down in the mixture dynamics
associated to the maximum lifetime of mixed Hydrogen Bonded structures (seen
by probing the dynamics by means of viscosity, self-diffusion or relaxation time)

XMeOH ~ 0.7 threshold concentration of percolating methanol (seen by looking to
the NMR chemical shift, X-ray Absorption and Neutron scattering)



Th ~ 290K threshold of hydrophilic/hydrophobic competion

Tx ~ 265K onset of hydrophobic effect

Tk ~ 245K onset of water percolating network

TL ~ 225K water dynamical crossover

Conclusions



THANKS FOR YOUR ATTENTION !!!
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