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We study the thermal behavior of the longitudinal spin-lattice, T1, and the transverse spin-spin, T2, relaxation times of the macro-
scopic magnetization in water/methanol solutions. Our aim is to investigate the reciprocal influence of hydrophobic effects
on water properties and of hydrophilicity (via hydrogen bond, HB, interactions) on the solute. Using classical Nuclear Magnetic
Resonance spectroscopy, we find a single characteristic correlation time τc that reflects all local structural configurations and char-
acterizes the thermal motion effects of the magnetic nuclei on the spin-spin interaction. We find that in the supercooled regime the
correlations are stronger, with respect to ambient temperature, because the HB interactions have a lifetime long enough to sustain
a stable water network. However, increasing the temperature, progressively decreases the HB interaction lifetime and destroys the
water clusters with a consequent decoupling in the dynamic modes of the system. In addition, at temperatures higher than about
265 K, the hydrophobicity becomes gradually stronger and governs the physical properties of the solutions.
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1 Introduction

Water is essential to life and human activity and is a chal-
lenging research subject [1,2]. Compared to other liquids this
apparently simple molecule (two atoms of hydrogen and one
of oxygen) is thermodynamically anomalous, and there are
thus many unanswered questions regarding its dynamic and
structural properties [3-7]. It is now clear that intermolec-
ular hydrogen bond (HB) interactions determine the chemi-
cal physics of water in both bulk and solution configurations.
Each water molecule has two positively charged lobes con-
taining the protons and two lone pairs of electrons. The HB
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is a non-covalent interaction between an electropositive hy-
drogen atom on one molecule and an electronegative oxygen
atom on a second molecule. The HB is also the result of
an important property of water in solutions: molecular hy-
drophilicity. The HB interaction also governs the local tetra-
hedral order of water molecules [2]. As water is cooled the
HB interaction orders the nearest neighbor molecules, which
gradually assume the characteristic four-coordinated geom-
etry. In ordinary ice, each water molecule has four nearest
neighbors, a hydrogen donor to two of them and a hydro-
gen receptor from the other two. In the liquid phase water
is also governed by tetrahedrality, but, in contrast to the solid
crystalline phase being characterized by a permanent network
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held together by HB, it is local and transient. Regions of lo-
cal tetrahedral order can possess a larger specific volume than
the overall average. The entropy, on the other hand, always
decreases upon cooling because the specific heat is, of ne-
cessity, positive. As T decreases, the local specific volume
increases due to the progressive increase in tetrahedral or-
der. Water studies of the thermodynamical response functions
suggest that when the temperature is decreased the onset of
the tetrahedral water patches occurs at T ∗ ≃320 K. At higher
temperatures the behavior of water is the same as in simple
liquids [8].

The opposite property—hydrophobicity—is equally im-
portant in science and technology. Hydrophobicity is ex-
hibited when nonpolar substances aggregate in aqueous so-
lution by excluding water. Examples of moieties with these
properties characterize amphiphilic molecules (or surfac-
tants). They are usually organic compounds with a head
(polar if ionic or HB if non-ionic) in close contact with wa-
ter molecules and an apolar aliphatic chain, their tails, that
avoids water molecules (hydrophobic groups) [9], and al-
though in solutions (water or oil) a single molecule can-
not satisfy both of them, a cluster of molecules can, and
building blocks of mesoscopic structures can originate un-
der stable thermodynamical conditions [10]. We see a
similar situation in many polymers and polyelectrolites that
contain both a water-insoluble (or oil-soluble) component
and a water-soluble component. This is the “soft con-
densed matter” research field that focuses on long helical
rods (e.g., polypeptides, DNA, RNA, and proteins), discoid
organic molecules, polymers, colloids, and many different
multimolecular-associated structures (membranes and bilay-
ers) and mesoscopic structures that, despite their complex-
ity, can be described in terms of current statistical physics by
means of scaling laws and the concept of universality [11,12].

The hydrophobic effect is as important as the hydrophilic,
but its properties have not yet adequately understood. Al-
though several studies addressed the effect solutes have on
the structure and energetics of the solvent [13-16], unlike hy-
drophilicity, which can be fully described in terms of the HB
interactions, despite many attempts there are not any analyt-
ical forms for quantitatively treating hydrophobicity. For ex-
ample, a complete experimental measurement of the pair dis-
tribution function gAA(r) between hydrophobic molecules (A)
lacks, as well as the corresponding potential of mean force
W(r) = −kBT ln gAA(r) between the two A molecules, i.e., it
is necessary to understand the forces underlying hydrophobic
interactions, and to evaluate all their implications [17,18]. By
means of NMR experiments for the evaluation of the correla-
tion time, we want to give the bases for a theory of hydropho-
bic effects that is quantitative and that enables the study of
complex materials including bio-systems.

In solutions there are solutes with chemical moieties that
can change the water HB ordering process, e.g., the ion
charge in salt solutions and the hydrophobic heads in simple
alcohols and polymer systems. The functions of biosystems,
e.g., peptides, proteins, and DNA, are affected by their inter-
action with water and in particular by the contrast between
hydrophilic and hydrophobic metabolites. This means that
water is not simply a solvent but is also an integral and ac-
tive component, i.e., it is itself an important “biomolecule”
that plays both a dynamic and structural role [19]. Water
interactions—both hydrophilic (HBs) and hydrophobic—are
thus key in understanding the properties of water and how
water functions not only in biological environments but also
in all fields of material science [20].

Molecular Dynamics (MD) simulation studies [21] reveal
how hydration forces on the conformation of the shells about
a hydrophobic solute can affect the structure of the solute it-
self. This is scientifically relevant because solute molecules
can assume dipole moments that significantly change the so-
lution by changing the thermodynamical variables, i.e., the
changes in the solute structure in a solution can strongly ef-
fect the hydration thermodynamical functions (entropy and
energy) of a hydrophobic solute. Until now these functions
have been ascribed to the effect of the solute on the structure
of the neighboring water, ignoring the change in the structure
of the solute itself. This issue deserves special attention and
is one aim of this study.

Using nuclear magnetic resonance (NMR) experiments we
find that at the thermal denaturation of an hydrated protein
(lysozyme) the hydrophilic (the amide NH) and hydrophobic
(methyl CH3 and methine CH) peptide groups evolve and ex-
hibit different temperature behaviors. This clarifies the role
of water and hydrogen bonding in the stabilization of pro-
tein configurations [22]. The data also reveal the role of
hydrophobic effects in this important protein intramolecular
process.

Using these results we study solutions of water and
methanol (the smallest amphiphilic molecule) to understand
how the mutual hydrophobicity-hydrophilicity affects solu-
tion dynamics. We study the solutions at different concentra-
tions and across a wide temperature range from 330 K (near
the methanol boiling point) to 200 K. Because the boiling
point of methanol is T M

B = 337.8 K and the melting point
T M

M = 175.4 K, at this latter temperature water is in its su-
percooled regime but methanol is well inside its stable liquid
regime. The NMR technique allows a simultaneous study of
the separate hydrophilic groups of the two molecules (the hy-
droxyls of water OHW and methanol OHM and the methanol
methyl groups CH3 are the only hydrophobic moiety present
in solutions). The water methanol solution has been the sub-
ject of numerous previous studies that explain the nonlinear
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behaviors of transport parameters as a function of concentra-
tion due to the formation of local structures involving both
water and methanol (see, e.g., refs. [23, 24])).

Current models explaining the thermodynamics of liquid
bulk water [25, 26], are based on amorphous ice polymor-
phism [27-29], i.e., on the experimental observation of two
glassy phases that differ in density, low density amorphous
(LDA) and high density amorphous (HDA), and in their
T and P behaviors. The main hypotheses include (1) the
stability limit conjecture [30], (2) the singularity-free sce-
nario (SF) [31], and (3) the liquid-liquid phase transition
(LLPT) [32]. Both hypotheses (2) and (3) assume that water
properties result from the HBs producing a locally-structured
transient gel comprised of many molecules that increase in
number as the temperature decreases [33, 34]. These local
“patches” or HB sub-domains [35,36] enhance the thermody-
namical fluctuations (specific volume and entropy and their
negative cross-correlations) with anomalies that closely re-
semble those observed experimentally. The two amorphous
states are the corresponding vitreous forms of low-density
liquid (LDL) and high-density liquid (HDL). The difference
between the SF and the LLPT is that upon supercooling the
response functions increase sharply but remain finite in the
SF case, but in the LLPT there is a transition with critical
fluctuations. The LLPT model also defines a special locus in
the P-T plane, the Widom line [37], where the HB network
is fully realized, with the LDL phase dominating the HDL.
Here the water thermodynamics are characterized by max-
ima in the response function fluctuations, the corresponding
temperature is TL, and at ambient pressure it is ≃ 225 K [37].
This has been confirmed by experiments in confined water
and simulations in bulk water [38-42]. When T is decreased
the Widom line converges to the critical point where fluctua-
tions diverge and the LDL phase dominates the liquid struc-
ture. We use NMR spectroscopy to study the thermal evolu-
tion of the hydrophilic and hydrophobic interactions in these
local water HB patches within water-methanol solutions. The
goal is to verify whether there are temperature-concentration
regions in the solution in which one species dominates the
other. Materials and methods are described in Supporting In-
formation.

2 Results and discussion

We study our results using the Bloembergen, Purcell, and
Pound (BPP) model (see Supporting Information) that was
used to evaluate the thermal behavior of interfacial water con-
fined in hydrophobic nanotubes [43]. We first use the spin-
lattice relaxation time, T1, and the spin-spin relaxation time,
T2, data to obtain the correlation time τc. We then study the

evolution of the NMR relaxation times as a function of the
correlation time τc in order to understand the dynamics of
the solution molecules and the properties and effects of hy-
drophilic and hydrophobic interactions. We calculate the cor-
relation time τc from the experimental values of the longitu-
dinal and transverse NMR times (T1 and T2) according to the
BPP model (see eqs. (2) and (3) in Supporting Information)
using the quantity T1/T2.

Figure 1(a) shows the results as an Arrhenius plot of
the correlation times τc for pure water (bulk and emul-
sioned) [44] and methanol (OH and CH3). Figure 1(b) shows
the hydrophilic solution contributions OHW (water hydroxyl)
and OHM (methanol hydroxyl) and the hydrophobic CH3 (di-
vided by 10 for figure clarity) for values of the methanol mo-
lar fraction in the range 0.1 < XM < 0.7 (the symbols are the
same as those used in Figure S1).

Note that the solution data differ greatly from those of pure
solvent and solute. Note also the behavior of the hydrophilic
moieties (of water and methanol) and the hydrophobic solute
molecule portion (CH3). In the hydrophilic moieties there is
approximately the same evolution as in the BPP correlation

Figure 1 (Color online) Arrhenius plot of the BPP correlation time τc cal-
culated from the values of T1 and T2, for pure solute and solvent and for
some methanol molar fraction in the range 0.1 < XM < 0.7 (symbols are the
same as those used in Figure S1). (a) The correlation times τc correspond-
ing to pure water (bulk and emulsioned) [44] and methanol (OH and CH3);
(b) the hydrophilic solution contributions OHW and OHM and the solute hy-
drophobic part (CH3, divided by 10 for clarity) are reported.
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times corresponding to OHW and OHM.
The τc data differ for pure water, the solute, and the studied

solutions. We see τc variations of approximately one order of
magnitude when we decrease T in pure water and methanol.
Irrespective of their differing T ranges (332-238 K for wa-
ter and 310-250 K for methanol) the variations are from ap-
proximately 2×10−9 to 2×10−10 s for water, from 3.445×10−9

to 1.95×10−10 s for the hydroxyl hydrophilic head OHM of
methanol, and 2.46 × 10−9-8 × 10−10 s for the hydrophobic
head CH3 of methanol. In contrast, the Arrhenius plot of the
correlation times of the solution that correspond to the hy-
drophilic moieties in the range of 332-200 K display three
different behaviors when the temperature is decreased. In
the first case, there is a moderate decrease from the high-
est temperature, where τc≃ 4 × 10−8 s up to approximately
315 K (τc≃ 2 × 10−8 s). In the second step, as T decreases
there is a decrease in τc that is more rapid than in pure water
(Figure 1(a)) that starts and evolves in a non-Arrhenius way
and ends with a minimum at ∼225 K where τc≃ 4 × 10−10 s.
In the third step, it slowly increases up to the last measured
temperature. Figure 1(b) shows that in the high temperature
region the correlation times of both hydroxyl groups are ap-
proximately the same, and that at the lowest T the correlation
times corresponding to the OHM are about twice than those
of the corresponding OHW. Note that, in 1964 Hertz and Zei-
dler [45] found that NMR relaxation times indicated how the
reorientation times of the water molecules, that neighbor a
solute with alkyl groups, are twice as long as those in pure
water, and that the activation energy of the reorientation in
the presence of the solute is greater than that in pure water.

The thermal evolution of the methanol hydrophobic BPP
correlation time is complex because when the temperature is
decreased there is first a maximum and then a minimum. The
correlation times related to the solute methyl group for all
XM increase from high temperature values of approximately
τc ≃ 7 × 10−10 s up to approximately 4 × 10−9 s at a max-
imum located at ∼265 K (1000/T ≃3.78 K−1), after which
τc decreases toward a minimum of 5 × 10−10 s near ∼225 K.
Finally it increases to 1.5 × 10−9 s at 200 K. Thus the relax-
ation time of the solute methyl group varies within an order of
magnitude that ranges from 5× 10−10 to 5× 10−9 s. We recall
here that τc data of CH3 group in solution reported in Figure 1
are divided by 10 for clarity. Note that the maximum temper-
ature in the solution methyl correlation time corresponds to
the flex point of the τc data for the hydroxyl groups of water
and methanol.

Thus the dynamical behavior of the solution exhibits three
characteristic temperatures, T ∗≃315 K, T HH≃265 K, and
TL≃225 K. The T ∗ temperature marks the thermodynam-
ical properties of bulk water in the pressure-temperature
plane, i.e., it is the locus of the minima in the water isother-

mal compressibility KT (P,T ) = −V−1(∂V/∂P)T for all the
pressures and also the crossing point of the thermal expan-
sion αP(P,T ) = −V−1(∂S/∂P)T . Note that (∂αP/∂P)T =

−(∂KT /∂T )P and that the compressibility represents the vol-
ume fluctuations KT = ⟨δV2⟩P,T /kBTV . The thermal ex-
pansion represents the entropy and volume cross-correlations
⟨δS δV⟩ and αP = ⟨δS δV⟩ /kBTV . Thus by considering
this transport quantity to be water self-diffusion we see that
the T ∗ temperature marks the onset of tetrahedral water
patches [8, 46]. On the other hand, TL is the locus of the so-
called fragile-to-strong dynamical crossover observed in con-
fined water [38] and many other supercooled glass-forming
materials [47]. It is also the locus of the Stokes-Einstein vi-
olation [38, 40-42]. Using these τc characteristics and com-
paring the pure materials (Figure 1(a)) with the related so-
lutions data (Figure 1(b)) we find that adding methanol to
water even at very low concentration XM = 0.1, i.e., 9 wa-
ter molecules and 1 methanol molecule, completely changes
the local molecular order of water due to the effect of the so-
lute on the water and viceversa. In particular, the methanol
molecules strongly affect the water HBs and their ability to
form the tetrahedral network, and at the same time the water
influences the solute properties. Figure 1(b) shows how the
results of these two effects differ sharply.

We use the BPP model to examine τc, the required re-
covery time for the local molecular equilibrium of a sys-
tem immersed in a static magnetic field following a radio
frequency perturbation applied using NMR. Here the ther-
modynamic conditions of the pre-existing local order is a
strong influence [48-51]. We thus examine how hydropho-
bicity affects the water HB structure shown in an Arrhe-
nius plot of τc for the two hydrophilic moieties (OHW and
OHM) at different concentrations. Note that these hydroxyl
groups can interact with each other via HB and give rise
to structures of water and methanol (together or separate).
In principle this networking increases when T decreases de-
spite the hydrophobicity effects due to the methanol methyl
groups. In the past, ring-like structures formed by water and
methanol molecules have been proposed [52]. Using X-ray
spectroscopy at room temperature reveals that molecules in
the pure liquid methanol are arranged in HB chains and rings
with six or eight molecules in equal abundance, but that in
water methanol solutions the mixing is incomplete at the mi-
croscopic level because water molecules bridge the methanol
chains to form rings [53]. This cyclic structure hypothesis
has received both support and criticism. Neutron diffrac-
tion studies indicate that there are water cages around hy-
drophobic headgroups [54], but we still do not have a con-
vincing description of the details of the incomplete mixing
at the molecular level. In addition, our dynamical data indi-
cate that there are hydrophilic-hydrophobic competition ef-
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fects on the solute and solvent molecules, and that their ther-
mal evolution can provide information on changes in the in-
termolecular structures. Although the nature of the local or-
der due to hydrophobicity is an open question, we know that
the water tetrahedral network due to HBs increases in sta-
bility and size. Figure 1 shows how the HB network and
the effect of hydrophobicity on it are behind the definition
of τc and of its behavior related to the hydroxyl groups as a
function of temperature. At the highest temperature (335 K)
pure water has a τc value of ≈2×10−9 s. Adding methanol in
a ratio of one molecule to about 10 of water, causes an in-
crease in τc by approximately one order of magnitude (up
to ∼3×10−8 s). At this temperature the water structure is
governed by monomers, dimers, and trimers because the HB
lifetime is unable to support tetrahedrons (whose onset takes
place at T ∗ [8, 46]). Thus the addition of a small amount of
methanol imposes an additional molecular mobility (or disor-
der) and the time required for the local equilibrium to recover
is longer than in the pure solvent. This increase also holds
for methanol (see the behavior of the OHM groups). Because
there can be an HB interaction between the OHW and OHM

moieties, we see that this dramatic change in the system is
a hydrophobic effect caused by the solute methyls. When
the temperature is decreased the τc of the solution hydroxyl
groups adopts an Arrhenius behavior up to ∼ T ∗, after which
there is a steep decrease with a flex point at T HH followed by
a minimum located at approximately TL, where the correla-
tion time recovers the value ∼ 2.5× 10−10 s measured in pure
water in the very deep supercooled regime (238 K), i.e., near
the temperature at which the HB network dominates [39,41].
This strongly indicates that in the supercooled regime, as in
bulk water, the HB interaction of the hydroxyl groups and the
consequent pronounced networking exceeds the hydrophobic
effects characteristic of the temperatures above the melting
point of water. For temperatures T < TL and for all the stud-
ied concentrations, we see a moderate τc increase, probably
due to relaxations in the HB clusters of water and methanol
molecules. This is supported by the differences observed at
the very low temperatures between the hydroxyl correlation
times, with the one of methanol higher than the one of wa-
ter. The T HH temperature is thus directly connected to the
solute hydrophobicity and its effect on the solvent, and to the
effect of hydrophilicity on the hydrophobic solute (the CH3

metabolite). Figure 1(b) also shows the corresponding BPP
correlation time τc for the methyl groups. Note that, when
T decreases, the correlation time increases from an average
value of ∼ 8×10−10 s at the highest temperature to ∼4×10−9 s
at T HH, then decreases to a minimum at TL (5 × 10−10 s),
then there is an increase analogous to that observed for the
hydroxyl groups. We thus deduce that the high T increase
is caused by the effect of water hydrophilicity on the solute

hydrophobic heads. This effect is present at all the tempera-
tures, but is affected by the HB interactions that increase with
decreasing T . On the other hand, in the high temperature
regions where the HBs are weak and have a short lifetime,
the methanol CH3 are unperturbed and the equilibrium re-
covery after the NMR perturbation is rapid. At the same time
the hydrophilicity determines the water HB structure and the
onset of the water network, thus when T decreases the HB
network becomes increasingly stable and effective, and its in-
fluence on the solute hydrophobic metabolites increases and
progressively slows the recovery of their equilibrium. At a
certain temperature the HB interaction becomes so dominant
that it controls the system dynamics. Figure 1(b) shows that
when T < T HH, the τc measured for all the solution metabo-
lites (hydroxyl and methyl groups) evolves in the same way
with approximately the same value. In fact, inspecting these
data we find that for this latter T regime all the correspond-
ing data inside the experimental error can be superimposed,
i.e., the growing tetrahedral structure of water cages all the
alcohol molecules at the temperature where the hydrophobic-
hydrophilic competition is dominated by the hydrophilic in-
teraction. Thus all these data indicate that in a solution with
hydrophilic and hydrophobic molecules a crossover temper-
ature exists and defines two different regions, the high-T re-
gion is dominated by hydrophobic interactions and the low-T
region is dominated by hydrophilic interactions and by the
resulting structures.

Figure 2 shows the BPP plots, i.e., the measured values of
T1 (filled symbols) and T2 (open symbols) versus the corre-
sponding τc in bulk water and methanol. The arrow indicates
the increasing temperature. We find that for water (blue data)
both the longitudinal T1 and transverse T2 relaxation times in-
crease as the correlation time and temperature increase across
the studied range. The region around the melting tempera-
ture of water TM is a crossover, below which we find that

Figure 2 (Color online) The figure illustrates the behaviors of T1 (full sym-
bols) and T2 (open symbols) for bulk water (blue) and methanol (red) as a
function of the correlation time τc. In the solute case these times are reported
for the hydroxyl (OHM) and methyl (CH3) groups, respectively.
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T2 ≃ T1, and above (T > TM, and τc at its higher values)
T1 evolves with a marked increase and T2 remains nearly
constant. The behavior we see below TM is that predicted
by the BPP model. It is the hyperbolic behavior for which
T2τc ∼const and T2 ≃ T1 that is observable under the exper-
imental condition 1/ω0 = 1.429 × 10−9 s≫ τc (at ω0 = 700
MHz). This indicates that the HB network becomes increas-
ingly stable as T decreases to well inside the metastable su-
percooled regime.

We report all the methanol data inside its stable liquid
phase and we observe the hyperbolic behavior at the lowest
temperature (T ≃205 K). As predicted by the original model,
we see that T1 monotonically increases with increasing τc

and that the transverse T2 can either slowly grow or decrease.
The data indicate that this occurs only for the hydrophobic
group CH3, and in the high-T regime we see changes in
the behavior of the relaxation times corresponding to the hy-
drophilic OHM. In particular, at approximately T HH we see
a maximum in the spin-spin relaxation time T2 and also a
change in the growth rate of the longitudinal T1. Note that
the transverse relaxation time of the methanol hydroxyl group
shows a maximum at the same temperature (middle panel of
Figure S1). This confirms that there is also competition be-
tween hydrophobic and hydrophilic heads in determining the
local order of bulk alcohol. This occurs at a relatively high
T for liquid methanol, and the lowered HB lifetime causes
the hydrophobicity to dominate the hydrophilic interactions.
This is consilient with results obtained for water confined
in hydrophobic nanotubes that show how hydrophobicity be-
comes effective in the high T regime T > 281 K [43].

Figure 3 shows the behaviors of T1 and T2 as a function
of the correlation time τc for the solutions at different con-
centrations of solvent hydroxyls, solute hydroxyls, and so-
lute methyls. Note that the τc behaviors of the NMR re-
laxation times for the OHW and OHM hydroxyl groups are
similar, e.g., the OHW data inside the supercooled water
regime (Figure 3(a)) are close to the BPP hyperbolic behav-
ior (T2τc ∼const and T2 ≃ T1) near TL. In contrast OHM

data (Figure 3(b)) at the same temperature, which now cor-
responds to the stable methanol liquid phase, are not. For
both hydroxyl groups in the high τc region, increasing the
correlation time changes the longitudinal relaxation time T1

and produces a crossover between two τc behaviors at the
corresponding T HH, but in the spin-spin relaxation time this
is coincident with the data flex points. We see that T1 is
only slightly dependent on the concentration. Although we
cannot fully analyze this, we see that the change in the lo-
cus of this T1 crossover is dependent on the XM, i.e., on a
methanol increase corresponding to an increase in the τc of
this “crossover”. A physical increase in the solute amount
causes an additional hydrophobic effect that reduces HB

Figure 3 (Color online) The figure illustrates the behaviors of T1 and T2 as
a function of the correlation time τc for OHW (a), OHM (b) and CH3 (c). The
symbols are the same as those used previously and all the lines are a guide
for eye.

networking, but the error bars disallow verifying this obser-
vation.

We see that the methanol methyl group relaxation times
reported as a function of τc (Figure 3(c)) exhibit a cusp-like
behavior at both T HH and TL. This indicates their importance,
especially in systems with simultaneous hydrophilic and hy-
drophobic interactions. The data for the methyl group are
mildly dependent on the concentration of the solution, but
strongly dependent on the temperature as well as the corre-
sponding transverse NMR relaxation time (bottom panel of
Figure S1), and fully reflected in the BPP correlation time.
Both are very sensitive to the supercooled water crossover
temperature and also to the hydrophobic-hydrophilic interac-
tion thermal balance and thus to T HH. Although low temper-
ature TL in water indicates the formation of very stable HBs
with a tetrahedral network spanning the entire system that
causes significant changes in system dynamics, T HH seems
to be the temperature above which the hydrophobicity effect
dominates in water and water systems. In fact, NMR ex-
periments on water confined inside hydrophobic nanotubes
indicate the existence of a hydrophobic-hydrophilic tran-
sition around the ambient temperature, demonstrating that
the structure of interfacial water on hydrophobic surfaces is
temperature-dependent [43]. These observations of water in
hydrophobic nanotubes can clarify our results, but additional

http://engine.scichina.com/doi/10.1007/s11433-018-9374-9?slug=supplement
http://engine.scichina.com/doi/10.1007/s11433-018-9374-9?slug=supplement
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study is needed to verify the universal character of these be-
haviors. For example, new studies should clarify how wa-
ter can influence the biological activity of macromolecules
and their folding and unfolding process, and how the onset of
ordered structures in water-amphiphilic materials is strongly
dependent on system thermodynamics.

3 Conclusions

We have used NMR spectroscopy to investigate the dy-
namic behavior of water and methanol solutions as a function
of temperature—including temperatures in the supercooled
regime—and concentration. We have measured the evolution
of the longitudinal spin-lattice T1 and the transverse spin-spin
T2 relaxation times. Within the error bars the data we obtain
in bulk solvent and solute agree with literature data. We ex-
plore the influence of hydrophobic effects on water properties
and the possible influence of solvent hydrophilicity (via HB
interactions) on the solute. We use classical approaches to de-
termine how the motion of a given proton in a water molecule
is dependent on its nearest neighbors or on the solute. We
also examine how solute hydrophobic molecules can be influ-
enced by hydrophilic solvent. In all cases we use the classical
approach of a single characteristic correlation time τc depen-
dent upon the thermal motion effects of the magnetic nuclei
on the spin-spin interaction. We show how the temperature-
concentration evolutions of T1 and T2 as far as the measured
τc can be used to explain how the HB interactions that create
the characteristic water tetrahedral transient network affect
the methanol methyl, and how methanol influences the water
structure.

Our study finds two temperature ranges, one dominated
by the HB and one typical of the stable liquid states of both
water and alcohol in which system properties are driven by
hydrophobicity. In the supercooled regime, the τc correlation
times are strongly correlated because the HB interactions are
strong and have a lifetime long enough to sustain a stable
water network. Raising the temperature decreases the HB in-
teraction lifetime, destroys the water clusters, decouples the
dynamic modes of the system, and hydrophobicity becomes
dominant, i.e., when the HB interactions that facilitate clus-
tering in water solutions compete with interactions with op-
posite behaviors, e.g., hydrophobicity, the effects of these lat-
ter interactions become relevant in the temperature regime
where the water tetrahedral network is no longer stable.

Thus τc(T ) encompasses all local structural configurations,
dynamic evolutions, and properties of the solution. We see
this reflected in the protons of the different molecular groups
of the solvent (OHW) and solute (OHM and CH3). The in-
teraction of the hydroxyls increases the strength and lifetime

or stability of the HBs, which in the high T range are influ-
enced by the hydrophobic moieties of the mixture. When
we examine the methyl group, the only hydrophobic group
within the mixture, we see that, as we decrease T from 335 K,
the HB network becomes progressively stronger. When we
reach a certain temperature T HH, the mixture dynamics and
the corresponding correlations are dominated by the HBs
whose networking is fully realized at TL ≃ 225 K for water.
These observations reflect the hydrophobic-hydrophilic tran-
sition observed in hydrophobic nanotubes as a function of
temperature [43]. Note that, unlike such transport functions
as viscosity and self-diffusion due to the velocity correlation
functions, the NMR correlation time τc reflects local cor-
relations on the atomic scale and indicates the existence of
a temperature that marks the transition between two differ-
ent thermal regions: one dominated by the hydrophilicity in
which water lies in the metastable supercooled regime, and
one located where solute and solvent are both in their sta-
ble liquid phase in which the hydrophobicity dominates.In
conclusion we have to stress that the used NMR technique
essentially looks to the local order of the system so that out-
standing challanges for future research are, from one side the
exploration of hydrophobic molecules more complex than
methanol (polymers or biological macromolecules) and from
the other the investigation of the collective effects related to
the hydrophobic-hydrophilic interactions. The competition
between them is in fact, one of the most challenging research
subjects of modern statistical physics. The most important
achieved result is the comprehension that these interactions
are effective in two different thermal regimes. This circum-
stance should be seriously considered by MD studies that
today essentially constitute the core of these researches.
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