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Abstract: This work reviews several properties of liquid water, including the
dielectric constant and the proton-spin lattice relaxation, and draws attention to
a bilinear behaviour defining a crossover in the temperature range 50 + 10°C
between two possible states in liquid water. The existence of these two states in
liquid water plays an important role in nanometric and biological systems.
For example, the optical properties of metallic (gold and silver) nanoparticles
dispersed in water, used as nanoprobes, and the emission properties of CdTe
quantum dots (QDs), used for fluorescence bioimaging and tumour targeting,
show a singular behaviour in this temperature range. In addition, the structural
changes in liquid water may be associated with the behaviour of biological
macromolecules in aqueous solutions and in particular with protein
denaturation.
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1 Introduction

The physical and chemical properties of liquid water have been extensively studied
for over 100 years using a variety of experimental methods ranging from classical
macroscopic techniques, such as the dielectric constant and specific heat, to those that
allow additional microscopic information to be obtained, such as X-ray diffraction,
Raman spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy. Despite
these efforts, the structure of liquid water is still not fully understood. Many models
[1-4], have been proposed, including some that had fallen out of use and were then
rediscovered, but all of them assume that liquid water is a hydrogen-bonded structure
with non-structured features.

It was recently shown that the temperature dependence of the dielectric constant ¢, at
0.1 MPa displays a bilinear behaviour in the 0-100°C temperature range, with a
crossover temperature 7* of approximately 60°C [5-9]. Figure 1 shows this behaviour of
dielectric constant g4 as extracted from four different experimental data in the 0-100°C
temperature range. These data were obtained over a long period of time. Note that the
transition between the two behaviours close to 60°C is clear but not well-delimited.

Figure 1 Temperature dependence of the dielectric constant at 0.1 MPa in the temperature range
25-90°C (see online version for colours)
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Assuming that a Curie-Weiss law holds for water in this temperature range, the dipole
moment of liquid water u was determined for both temperature intervals [10]. Thus,
we find in the low-temperature range 0-60°C a value of u; ~2.3 Ds, which is close to
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the value for ice. We also calculate, in the temperature interval 60—-100°C, a value of
1>~ 1.8 Ds, which is comparable to that reported for the vapour phase [10]. This suggests
that there are of two states in bulk liquid water that differ in the amount of their dipole
moment. Unfortunately, a correlation between the dipole moment and the microscopic
structure of these two states has not yet been determined.

2 The crossover temperature

In this work we inspect the existing literature to investigate the temperature
dependence of a variety of other physical properties of water, including thermal
conductivity (TC) [11], proton spin-lattice relaxation time (7'1) [12—14], refractive index
(RD) [15], conductivity (C) [16], surface tension (ST) [16—19], and the piezo-optical
coefficient (POC) [20]. Figure 2 shows the temperature dependence of all these
parameters in the 0—100°C interval. With the exception of POCs, we observe a bilinear
dependence defining a crossover temperature 7* (64 + 5°C for TC, 50 + 5°C for T1,
50+ 5°C for RI, 53 +5°C for C, and 57+ 5°C for ST). Despite the uncertainty in
determining 7*, these results confirm that in the 0—-100°C range liquid water presents a
crossover temperature in many of its properties close to 50°C.

Figure 2 Temperature dependence of thermal conductivity, proton spin-lattice relaxation time,
refractive index, conductivity, surface tension and piezo-optical coefficient at 0.1 MPa
in the temperature range 0—100°C (see online version for colours)
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The temperature dependence of POC in the 0-40°C range deviates from the usual
behaviour of liquids by showing a downward trend, but above 65°C this trend disappears
and the behaviour becomes that of typical liquids.
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Other properties of liquid water also show variations in this temperature range.
It was recently reported that the thermal expansion coefficient (TEC) presents a
crossover temperature at 42 + 5°C [14,21] and, at the same temperature, the isothermal
compressibility shows a minimum [21]. Note that the speed of sound in liquid water,
which is correlated with the TEC, also presents a maximum at approximately 60°C [22].
These results confirm the existence of a crossover in the behaviour of water that is
probably related to the presence of two different liquid states with a temperature shift
lying in a broad range between approximately 40°C and 60°C.

3 Nanoscopic systems

Regardless the origin of this crossover, it is clear that it plays an important role in
nanomedicine, which uses different types of biologically compatible nanoparticles in,
e.g., imaging and therapeutics. The biocompatibility of these nanoprobes or nanoagents is
based on their stability in physiological fluids, mostly in water. Because this crossover
occurs in the 20-60°C physiological temperature range, it strongly influences the
properties of the nanoparticles currently used for biomedical purpose.

It has recently been found that the optical and structural properties of metallic (gold
and silver) metal nanoparticles (MNPs) dispersed in water, which are commonly used
as fluorescent nanoprobes and photothermal nanoagents, change significantly above
50-60°C [10] owing to nanoparticle aggregation. The increase in MNP size can be
measured by the peak wavelength position of the extinction peak associated with their
longitudinal surface plasmon resonances. This behaviour has been tentatively ascribed
to a subtle structural transformation in liquid water caused by a slight change in the
mechanical or electric constants [23].

This result implies that the water transformation may have important implications for
other nanoparticles, such as the semiconductor quantum dots (QDs) used in fluorescence
bio imaging and tumour targeting. The optical properties of QDs are very sensitive to
small changes in their environment, and their characteristic small size and behaviour in
surface coatings make them highly stable colloidal nanosensors that can function as
probes that signal structural changes in water. In particular, the peak position of QD
luminescence is a hypersensitive parameter capable of detecting environment induced
changes in the QD size or in the QD-medium coupling.

Figure 3(a) shows the temperature variation of the emission wavelength peak for
CdTe QDs (with an average diameter of approximately 1nm) dispersed in water.
The insert in Figure 3(a) shows the size distribution of these QDs nanoparticles. The blue
points correspond to data recorded during the heating cycle, and the red dots to data
recorded during the cooling cycle. Note that

e the emission peak shifts to red as the temperature increases and there is a bilinear
dependence with a crossover temperature at approximately 50°C

e we see the same bilinear relationship in the heating and cooling cycles, which
indicates that the CdTe QDs do not aggregate during the thermal cycles, and that
this effect must be correlated to the temperature at which the optical measurements
are made.
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Figure 3 Temperature dependence of the emission peak wavelength in CdTe QDs. (a) Average
QD size: 1.2 nm. (b) Average QD size: 4 nm. The inset in both figures corresponds to
the size distribution (see online version for colours)
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Figure 3(b) shows the temperature variation in the emission wavelength peak but for
larger QDs (with an average diameter of approximate 4 nm) also dispersed in water.
Here the temperature dependence is linear and the bilinear behaviour occurs only in
ultra-small QDs.

The bilinear response observed for the ultra-small CdTe QDs has been attributed to
an effect related to the coating agent, which modifies the lattice expansion and
contraction caused by surface tension [24]. Note that

e when the size of the CdTe QDs is approximately 1 nm, over 90% of the Cd and
Te atoms are located on the surface and most of the excitons responsible for the
emission are surface excitons (note also that for CdSe the Bohr exciton radius is
approximately 5 nm), and the hyper-sensitivity of these ultra-small dots is related
to the liquid characteristics in which they are dispersed

e the approximate crossover temperature 50°C is close to the inflexion recently
observed for the TEC of bulk liquid water (42 + 5°C) and also to the crossover
temperature 7 detected in the dielectric constant and in the other properties of liquid
water in the 0—100°C range mentioned above.

Thus the luminescence of small CdTe QDs nanoparticles could be used as sensors to
probe the structure of liquid water as function of temperature in the 0—100°C interval.

4 Biological systems

This raises the question of whether temperature-driven structural changes in water affect
biological macromolecules in aqueous solutions and in particular in proteins, which are
the vital functional biological units in living cells. In a recent study by Mallamace et al.
[14], the NMR signals of

e bulk liquid water

e water confined on the surface of a protein (lysozyme) were compared.
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It was found that the temperature stability range of the protein is confined to the
reversible interval 45-65°C. In addition, Raman scattering measurements, obtained using
multivariate curve resolution (Raman-MCR) have been used to explore the hydrophobic
hydration of linear alcohols from methanol to heptanol [25]. The authors conclude that
below 60°C the hydration shells have a hydrophobic-enhanced water structure with a
greater tetrahedral order and fewer weak hydrogen bonds than the surrounding bulk
water. This configuration disappears above 60°C and is replaced by a structure with
weaker bonds. These findings support the existence of two different hydration shells in
liquid water with a crossover temperature of ~60°C.

Figure 4 (a) Temperature dependence of naturation for the protein FKDP. (b) Temperature
dependence of denaturation for the protein hole-alpha-lactalbumin. (c¢) Temperature
dependence of the relative value of the hydration shell density for the protein HEW
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Figure 4 shows the link between the denaturation of proteins and water where the thermal
stability of different proteins is measured using different techniques. The data in
Figure 4(a) correspond to the stability of the green fluorescent protein (GFP) FKPD-12
measured using the water-bath method [26]. Note that the naturation rate sharply
decreases at ~60°C. A similar result was found using optical methods, although the
protein denaturation takes place at a slightly higher temperature. Figure 4(b) shows
the denaturation profile for the hole-alpha-lactalbumin protein, as measured by UV
spectroscopy in the 32—72°C temperature range. The maximum denaturation rate occurs
at =55°C and the total denaturation at 67°C [27]. Figure 4(c) shows the temperature-
dependence of the relative hydration shell density (HSD) in the HEWL protein, measured
using the wide-angle X-ray scattering (WAXS) technique [28]. Note that the onset and
middle-point temperatures are located at 47°C and 67°C, respectively, with the highest
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HSD destruction rate at ~60°C. In all cases the critical temperature of the protein
denaturation is very close to the crossover temperature 7* observed in all the properties
of liquid water reviewed in this work.

5 Conclusions

In conclusion, a review of the physical properties of water in the 0—100°C temperature
range reveals a bilinear behaviour that defines a crossover temperature at 50 + 10°C.
This observation supports the hypothesis that there are two states of liquid water.
We find that these two states play an important role in the thermal and optical properties
of nanomedical systems. Finally, our preliminary findings suggest that the structure of
liquid water strongly influences the thermal stability of proteins. More in-depth research
on the thermal stability of proteins dispersed in liquid water is needed.
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