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Herein we study the different microscopic interactions occurring in water /methanol solutions at dif-
ferent methanol molar fractions, using NMR, spctroscopy. Temperature was found to determine which
interaction dominates. It was found that the mixing between water and methanol is non-ideal because
of the presence of interactions like hydrophobicity and hydrophilicity. These results indicate that the
competition between hydrophilic and hydrophobic interactions is different in different thermal regions,
and that the physical properties of the solution are determined by the character of the solution itself,
which in turn depends on the mole fraction of methanol and on the temperature.
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1 Introduction

A binary mixture of two components is ideal when its
physical properties change linearly with changing mo-
lar concentration. Although this holds for solutions of
simple liquids, a mixture of water and methanol is non-
ideal, and the degree of its non-ideality is determined by
thermodynamical variables like temperature and pres-
sure. Liquid methanol is arranged in one- and two-
dimensional hydrogen bond (HB) networks [1, 2], but
liquid water forms three-dimensional HB networks [3].
This non-ideal mixing occurs because of strong interac-
tions between the molecules of the two liquids. Methanol
is the smallest amphiphilic molecule, consisting of a sin-
gle hydrophilic (OH) and a single hydrophobic (CHgz)
group. When methanol is added to water, both hydrogen
bonding and non-polar interactions are observed [4-7].
The competition between these two interactions de-
pends on the temperature and the composition of the

*Special Topic: Water and Water Systems (Eds. F. Mallamace, R.
Car, and Limei Xu).

mixture. Understanding the behavior of water molecules
interacting with amphiphilic molecules, and of the corre-
sponding thermal regimes, is essential for understanding
the complex biological processes involving water [8, 9].

Water/methanol mixtures have been extensively stud-
ied. In 1935, Gibson found that the compressibility min-
imum is a function of the concentration of methanol in
water and hypothesized that the presence of methanol,
unlike other types of solutes, favored the increased asso-
ciation of water molecules [10]. In 1943, Frank and Evans
hypothesized that normal water structure is significantly
enhanced by hydrophobicity, producing a more ordered
“iceberg-like” structure near the methyl headgroup [11].
This hypothesis of hydrophobic enhancement of water
structuring has been extensively debated since [7, 11—
13] and has been linked to the corresponding increase
in enthalpy during hydrogen-bond formation [6, 11] and
entropy loss — as in protein folding [14].

In these mixtures, structural inhomogeneities were ob-
served on a microscopic length scale, which have ther-
modynamic and dynamic effects. Particularly, changing
the temperature generates different kinds of clusters [15],
and the conditions for micro-segregation have been deter-
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mined for water/methanol mixtures [4, 16-18]. Neutron
scattering and X-ray absorption spectroscopy analyses
have revealed different local water structures around the
methyl group of methanol for different mixture compo-
sitions [19, 20]. In particular, at a high methanol mole
fraction (X > 0.7), few water molecules can form HBs
with methanol hydroxyl groups or stabilize the mixture
by pushing the methyl groups toward each other. At an
intermediate methanol mole fraction (0.7 > X»; > 0.3),
mixed three-dimensional HB clusters form and lead to
the well-known extreme values of thermodynamic param-
eters [6, 12, 13, 15, 21-23]. In contrast, at a high water
mole fraction (X < 0.3), methanol molecules are indi-
vidually embedded in the water HB network and produce
a slight compressive effect [19, 20].

A recent study of the relaxation times of water/
methanol mixtures revealed opposing behaviors in two
thermal regimes [6]. In the low-T" regime below the so-
called fragile-to-strong crossover in water, the dynam-
ics of the solution is dominated by the presence of low-
density-liquid (LDL) structures, indicating the occur-
rence of a liquid-liquid phase transition in water [24—
26]. This corresponds to an onset of dynamical hetero-
geneities and a decoupling in transport properties, which
has a more general, universal importance [27, 28]. In
contrast, in the high-T' regime, the thermal energy low-
ers the stability of hydrogen bonding, and the hydropho-
bicity control of the methanol in the solution increases
[6]. The border temperature of this effect is ~ 320 K,
corresponding to the temperature above which water be-
haves as a simple liquid [29-31]. In contrast, the onset
temperature of complete LDL dominance is the same as
the temperature of the so-called Widom line for water
[24, 32] and depends on the concentration of the solu-
tion [6].

The competition between these two different kinds of
interactions (during which, pathways within the corre-
sponding energy landscape are selected) governs most bi-
ological processes, such as protein folding/unfolding [33].

Herein we use nuclear magnetic resonance (NMR)
spectroscopy to separately probe the dynamics of hy-
droxyl and methyl groups because the spectrum of cor-
responding resonance frequencies is well-resolved. We re-
port the NMR spectroscopy results for water/methanol
mixtures to distinguish between the hydrophilic and hy-
drophobic contributions and to determine their different
abilities to control the solution properties.

2 Materials and methods

Using a Bruker Avance spectrometer operating at 700-
MHz 'H resonance Frequency, we performed NMR ex-
periments under 1 atm pressure. We use ultra- gradient
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pure water and super-purity methanol, both supplied by
Romil pure chemistry [15]. Experiments were performed
at temperatures up to 310 K and down to the occur-
rence of mixture solidification. The temperature was
calibrated by means of the standard reference with an
accuracy of 0.2 K [15].

The proton chemical shifts and the relaxation times for
the mixtures were obtained for methanol mole fractions
X of 0.1, 0.24, 0.5, and 0.7. In particular, we exam-
ined the dynamical and structural data obtained from
an analysis of the longitudinal component, i.e., the spin-
lattice (T7), the transverse component, i.e., the spin—spin
(T3) of proton magnetization, and the proton chemical
shift 6.

Using NMR spectroscopy, we separately followed the
signals of the three functional groups in solution: hy-
droxyls from water (OHw) and methanol (OHy) and
methyl from methanol (CH3). The details of the pulse
sequences and the corresponding parameters used to ob-
tain the proton NMR spectra and to measure the re-
laxation times are described in Refs. [13, 15]. We have
extended our previous experiments and interpreted the
results obtained in the framework of microscopic inter-
actions described by a single correlation time 7.. Dipolar
relaxation is the most important relaxation mechanism
between protons in liquids and it can be expressed in
terms of a rotational motion characterized by a specific
correlation time 7. [34]. When the fractions of dipolar
contribution to the spin-lattice and spin—spin relaxation
mechanisms are the same, both corresponding equations
depend on the same rotational correlation time 7. [35—
37]. The details for the spin-lattice relaxation time are

R, 1 _ A < Te N 4, >7 (1)

T S\ T+ wEr? 1o dwlr?

and for the spin—spin relaxation time they are

1 A 5Te 27T,
Ry= = = . @
2 ( +1+w§7§+1+4w§7'§> (2)

T, 26
where A is a constant equal to 3y*h2/10 (v is the proton
gyromagnetic ratio and & the Plank constant divided by
27), r is the interproton distance, and wg the proton
Larmor frequency. Dividing Eq. (1) by Eq. (2) gives an
equation for the determination of 7.,

12B (wore)* + (37B — 8) (wor.)* +10B—5=0, (3)

where B is T5/(271). Thus we calculate 7. by measuring
both T} and T», which helps us better understand the dy-
namics of the molecule. By following the relaxations of
the three functional groups separately, we better under-
stand both the hydrophilic and hydrophobic correlations.
Furthermore, the trend of the chemical shift provides in-
sight into the properties of the local structures forming
within the solutions.
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3 Results and discussion

Figure 1 shows the proton NMR spectra of wa-
ter /methanol solutions with X, = 0.5 at different tem-
peratures (205 K < T < 310 K). The spectra show three
signals that change differently with temperature. Lower-
ing the temperature shifts the methyl signal toward the
high-field region, while lowering the temperature shifts
both hydroxyl signals toward the low-field region. In
other words, the hydroxyl groups are more structured at
low temperatures and the methyl groups are more struc-
tured at high temperatures.

The changes in the difference between the chemical
shifts of the OHy, and CHs groups occur because of
variations in the water HB network and hydrogen bond
strength. At low temperatures, this difference in chemi-
cal shift has a linear dependence on the methanol mole
fraction. At high temperatures, the structurally induced
hydrophobic effect causes a rounding off at a methanol
mole fraction of ~ 0.1 [13]. On the other hand, the dif-
ference between the chemical shifts of the OH,,; and
OHy groups 6(OH ), —OHy ) is apparently temperature-
independent but is not. In fact, a careful analysis re-
veals measurable differences on the order of hundredths
of ppm, indicating an interesting temperature-dependent
trend.

Figure 2 shows a three-dimensional plot of the thermal
behavior of the relative proton chemical shifts between
the hydroxyl groups in the mixture, 6(OHyr — OHy), at
different methanol mole fractions. The maximum values
for the relative chemical shift at each methanol mole frac-
tion (solid red line) indicates that there is a temperature
at which the hydroxyl peaks are most separated on the
spectra. Furthermore, this temperature assumes a max-

T T T
6.0 5.5 5.0 4.5 4.0 3.5
Chemical shift (ppm)

Fig. 1 The proton NMR spectra of water/methanol so-
lutions at different temperature for Xy = 0.5. The three
peaks are labeled with the molecular group originating the
corresponding signal.
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Fig. 2 Trend of the proton relative chemical shift between
hydroxyl groups within the mixture. There is a temperature
of maximum distance between hydroxyl peaks that depends
on the mixture composition showing a maximum at X5 ~
0.45.

imum value at a mixture composition of Xj,; ~ 0.45.
This confirms that at this intermediate composition, the
mixture is a bi-percolating one that indicates maximum
immiscibility.

Figure 2 shows that when 6(OHr —OHyy) is zero, i.e.,
when the two peaks coalesce at T' > 300 K for X, = 0.1
(black circles), the two hydroxyl groups have the same
chemical environment and undergo rapid chemical ex-
change — the larger the distance between their peaks,
the larger is the probability that they are poorly corre-
lated or randomly mixed.

The behavior of §(OH,; — OHy,) as a function of tem-
perature is similar at all methanol mole fractions, i.e.,
the temperature is the strongest control parameter for
water/methanol solutions within the studied concentra-
tion range. The different maximum temperatures for dif-
ferent methanol mole fractions suggests that the longest
distance between the OHjy; and OHyy groups at differ-
ent temperatures is weakly dependent on concentration.
Above this maximum temperature, the hydrophobic ef-
fect of the methyl groups and the disordering action due
to the high temperature reduce the average distances be-
tween the hydroxyl groups. At lower temperatures, the
hydrophilic effect becomes increasingly strong, and the
hydrogen bonds become stronger and more stable.

Figure 1 shows different signal widths related to the
spin—spin relaxation time, confirming the fact that the
exchange of hydroxyls is rapid only at high temperatures.
As stated above, calculating 7. from T} and T, using
Eq. (3) gives new insights into the dynamics of single
molecules in terms of their different molecular groups.

Figure 3 shows the thermal behavior of 7. for the
hydroxyl groups of water and methanol when X, = 0.5.
It confirms that the two hydroxyl groups are strongly
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Fig. 3 The rotational correlation time 7. as a function of
the temperature for hydroxyl groups of water and methanol
at the equimolar composition (X = 0.5).

correlated and show the same 7. versus temperature
behavior. This correlation time shows a clear minimum
at ~ 225 K and a sharp change at ~ 290 K. The tem-
perature of 225 K is also the Widom line temperature for
water, at which the correlations between water molecules
are maximum, the hydrogen bond network is complete
[24, 32], and the correlation is fastest. The temperature
of 290 K for the water/methanol solution with X, = 0.5
is close to the corresponding temperature for the max-
imum distance between hydroxyls. This relatively high
temperature falls within the region of stability for both
water and methanol and is the temperature at which hy-
drophilicity no longer dominates hydrophobicity. The
onset of hydrophobicity occurs slightly below this tem-
perature. Figure 4 shows the thermal behavior of 7. for
the methyl groups of methanol at the equimolar com-
position X3 = 0.5. The 7. value of the methyl groups
reaches a maximum at ~ 265 K and marks the onset

X, =05 "
= CH, . "u
L ]
L]
L ]
[] "
@ =
lﬂo L] -
-
1094 = .
- L ]
L |
L ]

200 220 240 260 280 300 320
7 (K)

Fig. 4 The rotational correlation time 7. as a function
of the temperature for methyl groups of methanol at the
equimolar composition (X = 0.5).
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of the hydrophobic interaction. It reaches its minimum
value at ~ 225 K, corresponding to the local correlation
maximum for water molecules.

We show the data for Xj; = 0.5 because this inter-
esting concentration corresponds to an equimolar con-
tribution from the two species in which clustering is ap-
parent [15]. We have performed a more complete and
exhaustive study of the NMR correlation time in wa-
ter/methanol solutions that will be published elsewhere
[38]. In particular we have examined the effect of increas-
ing temperature in water and water-based systems, and
used the framework of the Bloembergen—Purcell-Pound
theory to quantify the thermal behavior of 7. at different
mixture compositions and different dynamical regimes
by analyzing the behavior of the proton relaxation times
as a function of 7, [34, 38].

4 Conclusion

In this study, we have used NMR, spectroscopy to exam-
ine how the structure and dynamics of water/methanol
solutions are influenced by hydrophilic and hydrophobic
microscopic interactions. The hydrophilic interaction is
stronger at low temperatures and the hydrophobic inter-
action is stronger at high temperatures. We have also
examined the dependence on the methanol mole fraction
that determines the ratio between hydrophobic and hy-
drophilic moieties in the mixture. We report in detail
the relative value of the chemical shift corresponding to
hydroxyl groups as a function of temperature at four dif-
ferent methanol mole fractions, X, = 0.1, 0.24, 0.5, and
0.7. A temperature was recorded, at which the distance
between the chemical shift of the two hydroxyl peaks
maximizes. This temperature depends on the mixture
composition and shows a maximum at X,; ~ 0.45. This
confirms the presence of immiscibility at the intermedi-
ate mixture compositions.

We have also reported the rotational correlation time
values (7.) obtained by measuring the longitudinal (7})
and transverse (75) relaxation times in an equimolar
mixture for both the hydroxyl and methyl groups. This
enables us to estimate the different correlation times cor-
responding to the two interactions. We find that 7. for
hydroxyl groups at X = 0.5 shows a clear minimum at
~ 225 K and a sharp change at ~ 290 K. The methyl
groups has a maximum correlation time at ~ 265 K and
a minimum at &~ 225 K. The temperature of 225 K corre-
sponds to the maximum in the local correlation for water
molecules, supporting the existence of the Widom line
and the liquid-liquid phase transition in water [39]. The
high-temperature interval (265 K < T" < 290 K) marks
the onset and progressive dominance of the hydrophobic
effect, as observed in water confined within hydrophobic

Carmelo Corsaro, et al., Front. Phys. 13(1), 138201 (2018)
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nanotubes [40].

The mole fraction values constituting the border be-
tween the different structural and dynamical regimes,
which are characterized by the competition between the
hydrophilic and hydrophobic interactions, depend on the
temperature. Our study confirms that low tempera-
tures favor the formation of three-dimensional HB clus-
ters that are characteristic of water local structures, and
that high temperatures favor the formation of one- and
two-dimensional local structures that are characteristic
of liquid methanol.
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