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Dichotomous behavior of water in binary mixtures
with a turning point between 40 and 60 °C+}
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Water is known for its anomalous properties; however, changes in its properties between the 40-60 °C
temperature range remain poorly understood, particularly in complex aqueous systems. In this study, o-
cyclodextrin, urea, poly(vinyl alcohol), and an inclusion complex of B-cyclodextrin with an ionic liquid, 1-
butyl-3-methylimidazolium hexafluorophosphate ([C,mim]PFg), were found to exhibit dichotomous

behavior, rather than just an anomaly or a progressive shift in water and its binary mixtures. Using

temperature-dependent dynamic light scattering (DLS) analysis, physicochemical measurements, and

near-infrared (NIR) spectroscopy, a sharp and additive-independent transition in hydrodynamic particle

size was observed, which was centered around 50

°C. This bifurcation indicated an intrinsic

reconfiguration of the hydrogen-bonding network of water. Principal component analysis (PCA) and

two-dimensional correlation spectroscopy (2DCoS) of the NIR spectra revealed coordinated spectral

changes across this window, confirming a discrete restructuring process rather than a gradual thermal

response. Notably, features below and above ~50 °C were spectrally and dynamically distinct,
supporting a two-state-like-model of water. These results demonstrated that the 40-60 °C range
marked a thermally induced, cooperative transition in the structural organization of water, which was
modulated but not dominated by solute interactions. This dichotomous behavior offers critical insights
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into the unique responsiveness of water and highlights the importance of this temperature window in

understanding solvation dynamics, reaction kinetics, and aqueous-phase behavior across scientific
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1. Introduction

Water is known to exhibit various anomalous behaviors across
different temperature ranges, all of which lead back to its
hydrogen bonding,"* and ultimately, the structure of water.
These anomalies are primarily attributed to the dynamic
hydrogen-bonding network inherent in water, which influences
its structural and thermodynamic properties. Various models
used to describe the water structure®” contradict with one
another and remain incomplete.®® The inability to illustrate the
structure of water even at ambient temperature leaves a signifi-
cant gap in understanding the behavior of water at different
temperatures. In recent years, anomalous characteristics have
been observed in the behavior of water between 40 and 60 °C, in
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disciplines. Such structural duality may inspire novel thermal switches, responsive solvents, and smart
hydration systems for future applications in drug delivery, nanofluidics, and green chemistry.

particular. Recent advancements in spectroscopic techniques
have provided deeper insights into the structural dynamics of
water. For instance, Han et al. analyzed the combined bands of
bending and stretching vibrations using near-infrared (NIR)
spectroscopy, revealing distinct water structures associated with
varying hydrogen bond configurations.® Similarly, Wang et al.
employed temperature-dependent NIR spectroscopy combined
with independent component analysis to investigate water
structures in reverse micelles, highlighting the sensitivity of the
hydrogen-bonded architecture of water to environmental
changes.’ The concept of aquaphotomics has emerged as
a potent approach to investigate the spectral patterns of water
under various perturbations. Muncan et al. highlighted the
potential of temperature perturbation NIR spectroscopy in
monitoring water quality by showing that it could detect minute
variations between native minerals in processed and aged water
samples.'* Moreover, the intricate nature of the hydrogen-
bonded intermolecular structure of water has been further
elucidated through advanced spectroscopic methods. Recent
studies employing two-dimensional infrared-Raman spectros-
copy have provided a more nuanced understanding of the
tetrahedral structure of water and its temperature-dependent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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behavior.”> Principal component analysis (PCA) and two-
dimensional correlation spectroscopy (2DCoS)** of the NIR
spectra of pure water indicated a minor influence on the spec-
tral change with respect to temperature at a turning point
around 45 + 10 °C;'*** however, no explanation was offered.
Using X-ray emission spectroscopy and X-ray Raman scattering
data of water, Huang et al. suggested that the tetrahedral
structure of water (low-density water) is predominant at low
temperatures, and the distorted structure (high-density water)
is more prominent at ambient temperature, with distortions
increasing with increasing temperature.'® Water structure
influences other species, such as p-(+)-glucose, with which it
interacts, in addition to the characteristics of water itself.'”*#
Recent studies unveiled a new anomalous behavior of water.
One significant observation was the existence of two ‘states’ of
water summarized by taking into consideration the crossover
temperature presented by the thermal expansion coefficient at
42 £ 5 °C, the minimum isothermal compressibility at the same
temperature, and different hydration shells of alcohol in water
with a crossover temperature of 60 °C." This structural
dichotomy influences the optical and thermal behavior of
nanosystems (e.g., nanoparticles and quantum dots) and may
significantly affect the stability of biological macromolecules
such as proteins. Another intriguing observation is the
discontinuity in the dielectric constant of water near 60 °C. This
anomaly is associated with a shift in the average effective dipole
moment of water molecules. Below 60 °C, the dipole moment
resembles that of ice, whereas above this temperature, it tran-
sitions to a value similar to that of water vapor, suggesting
a fundamental change in the molecular behavior of water.”® The
crossover of relative permittivity at 60 °C, thermal conductivity
at 64 £ 5 °C, spin-lattice relaxation of protons at 50 &+ 5 °C, and
refractive index at 57 = 5 °C are cited in recent literature
studies.”** The work presented compelling evidence of a subtle
yet significant dielectric anomaly in liquid water around 60 °C,
linked to a transition in the average dipole moment from a low-
temperature configuration (~2.17 D) to a high-temperature
configuration (~1.87 D), resembling that of water vapor. This
structural transformation in water influences the optical
extinction characteristics of metallic nanoparticles dispersed in
it. Notably, it causes a shift in the longitudinal surface plasmon
resonance. Such changes underscore the relevance of the
structural state of water for applications in nanomedicine and
stability of nanoparticle-based systems.?* Structural changes in
liquid water around 43 °C have also been investigated regarding
solvent parameters like hydrogen-bond donor acidity,
hydrogen-bond acceptor basicity, polarizability, and dipolarity.
Catalan et al. demonstrated the changes in basicity, polariz-
ability, and dipolarity with discontinuities at 43 °C and 45 °C.*
This transformation is marked by a decrease in dipolarity and
acidity, and an increase in basicity and polarizability, suggest-
ing that water becomes less hydrogen-bonded and more loosely
structured at higher temperatures. An iso-scattering point is
confirmed by the two spectral components in Raman spectra in
the range of 15 to 45 °C. This represents a thermal equilibrium
between more extensive hydrogen-bonded low-density water
and less extensive hydrogen-bonded high-density water.>* The
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effect of pH on the temperature of the anomalous behavior of
water in terms of its changing structure has also been investi-
gated.”® Notably, our recent investigation on the aqueous
systems of ertugliflozin r-pyroglutamic acid revealed that the
hydration number drops below zero at temperatures above 55 °©
C, indicating a net release of water from the solvation shell, an
observation that underscores a bilinear, dichotomous behavior
of water in the 50 £ 10 °C range. This crossover reflects
a structural transition from strongly hydrogen-bonded, low-
density water below the threshold to weakly bound, high-
density configurations above it. Such behavior, consistent
with a two-state model, further corroborates the existence of
a discrete thermal transition in the hydrogen-bonding network
of water, critically influencing solvation dynamics and molec-
ular packing.”® These observations suggest a major structural
change in liquid water in this particular temperature range,
which, however, is not as straightforward as detecting phase
changes. Some attempts have been made to fill this gap and
explain water structure modification using different additives
and analysis techniques. Spectroscopic and thermodynamic
analyses of pure water and aqueous systems revealed three
structural components of water with varying hydrogen bond
strengths;*” the number of weaker and stronger hydrogen bonds
changes readily with increasing temperature, whereas the
concentration of a third component is much more resistant to
the temperature changes in the range of 20-65 °C.**3' It is
found that the optical and structural characteristics of metal
nanoparticles change above the crossover temperature (50-60 °
C), which can be studied by analyzing their longitudinal surface
plasmon resonances.” Furthermore, the structural modifica-
tions in water caused by temperature affect biological macro-
molecules such as proteins. Therefore, the study of the pseudo-
phase transition of liquid water has immense potential for
applications in nanomedicine, bio-imaging, and tumor target-
ing. Considering these prodigious potentials, it is essential to
unveil this dichotomous behavior of liquid water. Table S1
(ESIt) compares the previously reported transitions or anoma-
lies in aqueous systems with the present work.

In this study, we aimed at examining the effect of this
structural change thoroughly with an emphasis on the pseudo
phase transition observed in the 40-60 °C range using four
different additives, a-cyclodextrin (a-CD), urea, poly(vinyl
alcohol) (PVA), and the inclusion complex of B-cyclodextrin (B-
CD) and an ionic liquid, 1-butyl-3-methylimidazolium hexa-
fluorophosphate ([Cymim]PFs), and studied their binary
mixtures with water using dynamic light scattering (DLS) for
particle size analysis and density measurements. This study
also attempted to investigate the cause of the structural change
in water by employing statistical and mathematical analyses,
i.e., PCA and 2DCoS, respectively, of the NIR spectra of the
aforementioned binary mixtures of water and additives. The
term “dichotomous behavior” is used in the present research to
describe the temperature-induced structural duality observed in
water when perturbed by various solutes. Specifically, it refers to
the emergence of two distinct regimes in the behavior of the
hydrogen-bonding network of water as the temperature
increases from ambient to moderately elevated levels
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(approximately 40 to 60 °C). Below this temperature range,
water tends to maintain a more ordered, tetrahedral hydrogen-
bonded structure, often associated with its “structured” or “ice-
like” nature. Above this range, however, water exhibits a notable
transition toward a more disordered and dynamic network,
often described as “less structured”. This dichotomous
behavior is not a sharp phase transition in the classical ther-
modynamic sense but rather a continuous, yet abrupt, struc-
tural reorganization, often referred to as a pseudo-phase
transition. It is made evident by distinct shifts in various
physicochemical properties (e.g., density, dynamic light scat-
tering intensity, NIR spectral features) and is further supported
by multivariate analyses (PCA and 2D correlation spectroscopy).
Recognizing this bifurcation in behavior is crucial for under-
standing the role of water in solvation dynamics, molecular
interactions, and the design of aqueous systems in chemistry
and biology. A wide range of experimental methods, such as
femtosecond mid-infrared spectroscopy, pump-probe 2D IR,
far-infrared, high-pressure X-ray scattering, Raman spectros-
copy, neutron diffraction, differential and titration calorimetry,
NMR, optical Kerr effect, terahertz (THz) and high-pressure THz
spectroscopy, as well as combined THz-Raman and optical
pump-THz probe techniques, can also be utilized to explore this
dichotomous behavior. These approaches enable a detailed
investigation into hydration dynamics, rearrangement of
hydrogen bonding networks upon solvation, properties of bulk
and tetrahedrally coordinated water, and retardation in hydra-
tion bond dynamics in the vicinity of ions or in clathrate-like
environments. Additionally, theoretical frameworks such as ab
initio calculations, classical molecular dynamics, Monte Carlo
simulations, QM/MM approaches, and density functional
theory play a crucial role in modeling these phenomena at the
molecular level.***°

While previous studies have revealed structural anomalies in
water near 43 °C and 60 °C, linked to changes in dipolarity,
hydrogen bonding, and dielectric behavior, this work uncovers
a new anomalous behavior of water occurring between 40 and
60 °C, evidenced through integrated spectroscopic and thermo-
dynamic analyses. Unlike earlier investigations that focused on
pure water or simple aqueous systems, this work highlights how
specific additives (e.g., @-CD, urea, PVA, and B-CD + [C;mim]PFs)
modulate this anomaly, revealing a tuneable structural trans-
formation and turning point behavior in the interaction profile of
water. By employing advanced tools, such as 2DCoS of NIR
spectra, PCA, and DLS, it has been demonstrated that a complex,
multi-component restructuring of the hydrogen-bonding
network directly impacts the macroscopic properties of water.
This multi-technique, multi-additive approach provides a more
nuanced and application-relevant understanding of the struc-
tural dichotomy of water, with important implications for mate-
rial design, biological systems, and pharmaceutical processes
where water is the dominant solvent.

2. Methods and instrumentation

a-CD, B-CD, and [C,mim]PFs were purchased from Sigma-
Aldrich. PVA and urea were purchased from Merck. All
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aqueous solutions were prepared using ultrapure water (specific
conductance = 0.055 pS cm™ '), supplied by a BOECO Pure
system (Model BOE 8082060, Germany). Binary mixtures were
gravimetrically prepared using a high-precision analytical
balance (Unilab UB-110, accuracy +0.0001 g). After mixing, the
samples were sonicated for 30 minutes using a LU-2 ultrasonic
cleaner (Labnics Equipment) to ensure uniform dispersion.
Dynamic light scattering was employed to assess the particle
size distribution of the mixtures using a Zetasizer Nano ZS90
(ZEN3690, Malvern Instruments Ltd., UK). A 632.8 nm He-Ne
laser served as the light source, and measurements were
recorded at a 90° scattering angle. The scattering data were
processed to determine the hydrodynamic diameters. A square
glass cell with a circular aperture was used. The instrument was
validated using a polystyrene latex standard for calibration, and
the stability and reproducibility of the measurements were
confirmed. The accuracy of the hydrodynamic diameter deter-
mined by DLS measurements is £2%. All DLS measurements
were conducted at temperature-controlled conditions using
Peltier elements, and samples were equilibrated at each target
temperature for 30 minutes prior to data collection. Density
measurements were performed on an Anton Paar vibrating tube
densitometer (Model DMA 4500), which utilizes the oscillating
U-tube method. A 3.0 mL sample was loaded into a U-shaped
borosilicate tube, whose resonant frequency, altered by
sample density, was measured and converted into density
values. The method provides a precision of £0.00005 g cm
and repeatability of 40.00001 ¢ cm 3. The performance of the
instrument was validated using deionized water and calibration
against certified liquid density standards. Specific gravities were
then calculated based on the measured solution and pure water
densities at each temperature. Near-infrared spectra were
acquired using a Frontier FT-IR/NIR spectrophotometer (Per-
kinElmer, USA) in absorbance mode. Each spectrum was aver-
aged over 20 scans in the range of 4000-12000 cm ™' with
a spectral resolution of 4.0 cm™". The validation of the instru-
ment was confirmed using a certified polystyrene film. The NIR
samples were analyzed using a high-sensitivity, heatable liquid
sampling cell fitted with CaF, windows (Specac Model G520522,
0.1 mm path length), which was maintained using polytetra-
fluoroethylene spacers. Temperature control was achieved
through an electric heating jacket (Specac Model GS20730), with
temperature stabilization supported by circulating chilled water
around the jacket. The PCA was employed to reduce the
dimensionality of the NIR spectral dataset and to extract the
most significant variations associated with temperature
changes in the binary mixtures. Pre-processed absorption
spectra in the range of 4000-6000 cm ' were mean-centered
prior to PCA. The first few principal components (typically
PC1 and PC2) were analyzed to interpret the temperature-
induced changes in hydrogen bonding environments. Loading
plots and scores plots were examined to identify the tempera-
ture range showing maximal spectral variance, corresponding
to potential pseudo-phase transitions. The 2DCoS was per-
formed to elucidate the sequential changes in spectral features
under the influence of temperature. The generalized 2D corre-
lation maps were generated using the Noda algorithm, with

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03224e

Open Access Article. Published on 17 June 2025. Downloaded on 3/29/2026 12:48:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

temperature as the perturbation variable. The spectra were
uniformly spaced over the 20-70 °C range and smoothed using
a Savitzky-Golay filter (3rd order polynomial, 7-point window).
The resulting correlation maps enabled the identification of
correlated and sequential spectral events, particularly within
the -OH and combination band regions (~4000-6000 cm ). 2D
correlation spectra revealed co-variations in hydrogen-bonded
species and indicated the order of thermal events, dis-
tinguishing between progressive shifts and abrupt changes.
PCA and 2DCoS analysis of the NIR spectra were performed
using MATLAB R2016a (The MathWorks Inc.).

3. Results and discussion

Since the binary mixtures of additives (a-CD, B-CD, [C;mim]PFg,
PVA, and urea) with water are hydrogen bonded throughout, the
association between the additives, additives and water, and
water itself may be expected. Thus, the sizes of the species in the
binary mixtures were first measured using DLS at several
temperatures (c¢f. Fig. S1, ESIt). The data for the hydrodynamic
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water at different temperatures.
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diameters of the clusters formed in 2.0 mM o-CD, aqueous PVA,
and 2.0 M urea are shown in Tables S2—S4.1 The measurements
of mixtures containing «-CD, PVA, and urea show a sudden
decrease in particle size from the 200 to 700 nm range to
a narrower 100 to 200 nm range, accompanied by a sharp
increase in the intensity of scattered light and polydispersity
index of the distribution above 40 °C. For the B-CD-[C,;mim]PF
inclusion complex, this change was observed at a higher
temperature (60 °C), as shown in Fig. 1, indicating that the
thermal stability of the complex itself eclipsed the change in the
molecular environment of bulk water. The data for the hydro-
dynamic diameter of the inclusion complex clusters are shown
in Table S5.1

From the results obtained from DLS measurements, it may
be assumed that the physical properties of these systems are
susceptible to change at higher temperatures (40—60 °C) due to
the sharp change in size.

The specific gravity calculations based on the densities of
aqueous a-CD revealed a subtle change at or above 40 °C,
consistent with the particle size analysis. The specific gravity
was found to steadily decline as the temperature increased from
20 °C, followed by a sharp drop at 40 or 50 °C, and then a steady
decline yet again, as shown in Fig. 2. However, temperature-
dependent density measurements of several concentrations of
aqueous a-CD (¢f. Fig. S2, ESIT) showed no particular atypical
trend. The specific gravity of other aqueous solutions of
hydrogen-bonded species, such as urea (¢f. Fig. S3, ESIT), yiel-
ded mixed results, suggesting that aggregation of the additives
may have affected the specific gravity.

The size and specific gravity results demonstrate the effect of
structural changes in this temperature region, ie., the
weakening/breaking of hydrogen bonds to discourage associa-
tion. This finding supports the shift of the structure from an ice-
like to a vapor-like phase.

All three binary mixtures exhibit hydrogen bonding, and it
may be assumed that the change at 40 °C may be a result of
a change in the hydrogen bonding in the liquid mixtures. To
support this claim, NIR spectroscopic measurements were
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Fig. 2 Specific gravity of 2.0 mM (left) and 20.0 mM (right) a-CD at different temperatures.
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performed (cf Fig. S4, ESIT), and the data were further analyzed
to obtain some interesting results. Fig. 3 shows the results of
PCA of the NIR spectra of 2.0 mM a-CD.

The first principal component (PC1) accounted for 93.54% of
the total spectral variance and exhibited a linear increase in
score, which represents the overall changes in wavenumber
with temperature. The loading indicated an increasing
concentration of weaker hydrogen bonds (positive peak at
5260 cm~ ') and a decreasing concentration of stronger ones
(negative peak at 5058 cm ™). The second principal component
(PC2) accounted for 6.16%. For PC2, a maximum score at 60 °C
indicates a second, less significant change occurring at this
temperature, related to the change in the moderately strong
hydrogen bonds (positive peak at 5190 cm ™).

2DCoS analysis of the NIR data for 2.0 mM o-CD was per-
formed in separate temperature regions. The synchronous
spectra, ie., the overall similarity or coincidental trends
between two separate intensity variations measured at different
temperatures, exhibit a strong autopeak at 5260 cm™*, which
indicates the local reorientational motions of functional groups
(cf: Fig. S5, ESIt). This indicates an alteration, like bending and
asymmetric stretching, resulting in intensity change to a great
extent with increasing temperature; however, the autopeak is
visibly weaker for the higher temperature region, suggesting
that the overall extent of spectral intensity variation is signifi-
cantly higher between 20 and 40 °C than between 40 and 60 °C.
NIR spectra were recorded to observe this phenomenon (cf
Fig. S6, ESIt). The disparity was even more pronounced for
0.5 M urea, with a strong autopeak for 20-40 °C and weak cross-
peaks overall (cf Fig. S7, ESIT). The synchronous spectra for
both binary mixtures are shown in Fig. 4.

This spectral variation can be attributed to a decrease in the
concentration of strong hydrogen bonds and a corresponding
increase in weaker hydrogen bonds in the system, as seen in
PC1. The change was even less above 60 °C, and it may be

20546 | RSC Adv, 2025, 15, 20542-20551

concluded that the majority of the change occurs below 60 °C.
This contradicts the assumption from the DLS and specific
gravity results that the change is abrupt. Instead, we may now
assume that the structural changes are built up as the temper-
ature increases, and at a threshold temperature range, the
transition occurs.

The results of the DLS and specific gravity measurements
indicate a clear structural change occurring in this temperature
range, and the spectroscopic analysis revealed the buildup of
this change. The sharp changes in the parameters within
a narrow temperature range led to the assumption that
a pseudo-phase transition occurs between 40 and 60 °C, where
the structure of water is ice-like, i.e., more extensively hydrogen-
bonded and low density at sub-40 °C temperatures and vapor-
like, i.e., less extensively hydrogen-bonded and high density at
high temperatures.

Collectively, the spectroscopic and thermophysical analyses
point to a distinct threshold temperature range of 40-60 °C,
across which water exhibits a dichotomous structural behavior
rather than a continuous or merely anomalous change. Below
this range, the spectral features and density data suggest
a dominance of a low-density, extensively hydrogen-bonded
structure, resembling that of supercooled or ice-like water.
Above the threshold, a sharp shift toward a high-density, less
hydrogen-bonded structure, more vapor-like, becomes evident.
This structural duality is not a gradual transformation but
rather a clear bifurcation, with a sharp crossover occurring near
the midpoint of the threshold range, typically between 40—45 °
C, 45-50 °C, 50—55 °C, or 55—60 °C, depending on the solute
and interaction environment. The PCA loading profiles and
2DCoS synchronous spectra reveal a pronounced buildup of
spectral variation below the threshold, followed by relative
spectral stabilization above it, which supports the hypothesis of
a pseudo-phase transition. Therefore, the combined evidence
strongly supports the view that water does not exhibit merely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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different temperature ranges.

progressive or anomalous behavior in this temperature regime,
but rather a dichotomous change in structure, characterized by
a short, well-defined threshold zone where the transition
occurs. The pseudo-phase transition region may experience
expansion or contraction depending on pressure, and future
research may be directed at unveiling this phenomenon.

4. Simply anomalous, progressive
change, or dichotomous behavior of
water?

The behavior of water in the 40-60 °C temperature range could
be considered “anomalous” or interpreted as a continuous,
progressive structural transition. However, our investigation
provides compelling evidence that the changes observed in this
temperature window represent a dichotomous behavior rather
than a simple anomaly or gradual shift. Traditionally, anoma-
lous behavior in water refers to deviations from classical liquid
behavior, such as the density maximum at 4 °C or the increase
in compressibility with temperature. These phenomena are
typically smooth and continuous, and are well-explained by
models involving the gradual weakening of hydrogen bonds.

© 2025 The Author(s). Published by the Royal Society of Chemistry

However, in the present study, temperature-dependent particle
size analysis and physicochemical measurements of water in
binary mixtures with diverse additives (a-CD, urea, PVA, and -
CD-[C,mim]PF) reveal an abrupt reorganization of structure
around 50 °C. This change is not additive-dependent, indicating
an intrinsic reconfiguration of the water network itself.

The DLS data show a clear bifurcation in particle size across
this range, with distinct clusters below and above 50 °C, sup-
porting a two-state model rather than a continuum of configu-
rations. The findings from the DLS study of this work are
significantly complemented by the molecular-level insights
provided in the referenced work on CD hydration.** Molecular
dynamics simulations reveal that water molecules confined
within the CD cavity are energetically frustrated due to a loss of
hydrogen bonding and increased orientational freedom,
making their expulsion into bulk water thermodynamically
favourable. This expulsion process aligns well with the struc-
tural transitions captured in the DLS measurements of this
study, where a marked shift in particle size and hydration
behavior is observed across the 40-60 °C range. Such changes
likely reflect the release of cavity-confined water and reorgani-
zation of the hydration shell, underscoring a cooperative
restructuring event. These combined observations lend strong
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support to our interpretation of a dichotomous structural
behavior in water, driven in part by solute-induced perturba-
tions in the hydrogen-bonding network of water. Similarly,
specific gravity exhibits a noticeable inflection point that
correlates with the spectral transitions observed in NIR spectra.
The application of PCA and 2DCoS further substantiates this
dichotomy. 2D correlation spectra display significant shifts in
band assignments across the 40-60 °C window, with clear
differences in spectral features below and above 50 °C. A para-
bolic shape in the second principal component (PC2) is often
observed due to the residual curvature from linear spectral
changes, as it captures minor yet structured deviations.**
However, this study goes beyond a simple statistical observation
by integrating multiple orthogonal techniques, including
2DCoS, DLS, and thermodynamic analysis, to confirm that the
change is not merely a statistical maximum but reflects a true
physicochemical transformation in the structure of water
within the 40-60 °C range. The dichotomous behavior reported
is not solely based on the second principal component of PCA,
but is supported by the iso-scattering points in DLS measure-
ments, indicating structural reorganization at the nanoscale.
Additionally, this is supported by consistent turning points
across NIR spectroscopic signatures and their 2D correlation
maps, implying coordinated molecular-level rearrangement
and systematic shifts in response to additive inclusion, such as
o-CD, urea, and [C,mim]PFs, highlighting an interplay between
the water structure and solute-specific interactions. Unlike prior
works, which are limited to pure water, the findings of this
study show that the position and character of the turning point
depend on the interactions of additives with water, suggesting
an underlying structural duality or dichotomy in the hydrogen-
bonded network of water that becomes more or less prominent
depending on the applied perturbation. This behavior is not
trivial, nor is it simply the expected response of a second virial
coefficient or an artifact of PCA curvature. Instead, it demon-
strates a robust, tuneable structural shift in water, consistent
with the broader literature reporting thermal anomalies in the
dielectric constant, compressibility, and density in this range.

The complexity introduced by solutes in interpreting
hydrogen-bonding dynamics in aqueous systems is an impor-
tant issue in this study. Indeed, the presence of additives
introduces competing hydrogen-bonding interactions between
water molecules and solute functional groups, and among water
molecules themselves, which cannot be trivially deconvoluted.
However, this study does not aim to isolate only water-water
interactions but rather to explore how the hydrogen-bonding
environment of water as a whole is perturbed by solutes
across a specific temperature window (40-60 °C). A consistent
structural and dynamic transition has been observed in this
investigation. While Segtnan et al. effectively applied 2DCoS
and PCA to analyse pure water spectra, the approach of this
study extends such chemometric tools to complex aqueous
systems.** The inherent challenges are acknowledged, but the
concerted spectral, DLS, and PCA evidence from this study still
supports the existence of a thermally induced dichotomous
shift in the hydrogen-bonding behavior of water, modulated by
solute-induced constraints and cavity effects. These findings
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contribute complementary insight into the broader under-
standing of aqueous structural transitions under perturbation.
Importantly, the features that do not evolve smoothly but rather
indicate a discrete transition in dominant structural motifs,
likely reflecting a shift from more tetrahedral, low-density water
structures to distorted, high-density arrangements, confirm the
dichotomy of water at this particular temperature window.
Therefore, the evidence does not support a merely anomalous
or progressively changing behavior. Instead, the collective data
point to a pseudo-phase-transition-like turnover between two
structurally distinct states of water, qualifying this phenom-
enon as dichotomous. This recognition is critical for under-
standing the behavior of water in chemical, biological, and
nanotechnological contexts where such discrete structural
changes may influence the reaction Kkinetics, solvation
dynamics, or biomolecular stability. After all, the integration of
spectroscopic, thermodynamic, and scattering data across
diverse solute systems provides a cohesive and compelling
narrative for a distinct, thermally driven structural bifurcation
in water. Rather than representing a smooth anomaly or simple
additive effect, the observed behavior reflects an intrinsic,
cooperative reorganization of the hydrogen-bonding network,
indicative of a dichotomous transition. This insight not only
enriches the fundamental understanding of water structure but
also has significant implications for aqueous-phase processes
in chemical, biological, and material systems.

Understanding the dichotomous behavior of water in the 40-
60 °C range opens up transformative opportunities across
multiple disciplines. In biological systems, this temperature
window overlaps with many physiological and pathological
processes. The sharp structural transition of water, shifting
from a more extensively hydrogen-bonded low-density state to
a less structured, high-density state, can influence protein
folding, enzyme activity, and biomolecular interactions, which
are all highly sensitive to the hydration environment.***
Consequently, this behavior is highly relevant to fields like
biophysics,  bioimaging, and nanomedicine, where
temperature-controlled behavior of water affects molecular
function and transport.*>*>*® For instance, the design of ther-
moresponsive drug delivery systems or tumour-targeting
nanomaterials can benefit from exploiting the pseudo-phase
transition behavior of water near hyperthermic treatment
temperatures (~43-45 °C).*” This special characteristic of water
at this temperature range provides a mechanistic link to water
structure modification that may be useful in fields like cryobi-
ology, pharmaceutical formulation, or materials design. In
materials science, this phenomenon could be applied to create
phase-sensitive smart hydrogels, soft actuators, or self-
assembling nanostructures that rely on the responsive struc-
tural change of water to temperature stimuli.***° It may also
play a role in the thermal performance of nanofluids, where
water serves as the medium and its structural dynamics influ-
ence the energy transfer mechanisms.* Furthermore, insights
into the pseudo-phase transition provide a basis for enhancing
spectroscopic sensors or plasmonic materials, especially where
water-nanoparticle interactions are temperature dependent.®?
From a theoretical and fundamental science viewpoint, this

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03224e

Open Access Article. Published on 17 June 2025. Downloaded on 3/29/2026 12:48:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

study supports the idea that water cannot be represented by
a single homogeneous phase but rather by coexisting structural
motifs—such as low-density and high-density liquid water—
that interconvert at specific thresholds.**** This invites further
investigation using molecular dynamics simulations, quantum
mechanical models, and advanced time-resolved spectroscopic
techniques to uncover the kinetics and energetics behind this
transition. Future work may also explore the effects of pressure,
pH, and solute identity on shifting or modulating this
threshold, thereby tailoring the structure of water for specific
applications.'®***” Ultimately, redefining water not as a passive
medium but as an active, tuneable participant in chemical and
biological processes could reshape how aqueous systems are
studied and engineered.

5. Conclusion

This study shows evidence of two different features of water -
one below 40 °C and one above 60 °C - with a turnover point
somewhere in between, depending on the conditions. The
dichotomous behavior of water at this temperature range in the
presence of four distinct additives, such as a-CD, urea, PVA, and
the inclusion complex of B-CD and an ionic liquid, [C,mim]PFg,
is shown for the first time based on the changes in particle size,
specific gravity, principal component analysis, and 2D correla-
tion spectroscopic analysis. These additives vary significantly in
chemical structure and interactions, yet all exhibit a common
temperature-dependent restructuring of water, indicating that
this phenomenon is inherent to water itself rather than specific
to any solute. The spectral and physical property changes
display a nonlinear, threshold-dependent characteristic that
cannot be reconciled with a simple anomalous or progressive
temperature effect. Instead, the findings support the existence
of a pseudo-phase transition, demarcating two structurally
distinct states of water with a narrow intermediate region acting
as a switch point. This dichotomous nature may be attributed to
a shift in the relative populations of low- and high-density water
motifs, aligning with current theories on the dual structural
components of liquid water. Given the relevance of this
temperature window to biological and material systems, these
findings offer new perspectives on the role of water as an active,
tuneable medium and provide a foundation for the rational
design of temperature-responsive aqueous systems in fields
ranging from biophysics to nanotechnology. Future investiga-
tions into the pressure dependence, time-resolved dynamics,
and molecular-level origin of this behavior will be instrumental
in deepening our understanding of this subtle but fundamental
feature of water. However, this particular phenomenon remains
unexplained. It does not have the definitive physicochemical
markers of a phase transition as observed in supercooled water,
yet derivative studies of physicochemical properties and spec-
troscopic studies show evidence of dichotomous behavior that
cannot be ignored. The temperature range identified coincides
with conditions relevant to cellular processes and soft matter
systems, underscoring the importance of this structural tran-
sition in functional environments. Testable hypotheses, such as
pressure-temperature coupling and molecular probe validation,
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can be proposed from this finding. High-pressure NIR and DLS
studies can be conducted to test whether applying hydrostatic
pressure shifts the observed transition temperature, thereby
confirming the pressure dependence of the structural duality of
water and distinguishing it from mere thermal perturbation.
Also, solvatochromic or hydrogen-bond-sensitive fluorescent
probes can be introduced into the aqueous systems studied
here to detect real-time microenvironmental changes across the
critical temperature window, providing molecular-level insight
into the restructuring process. Future work in these directions
will be crucial for elucidating the mechanistic origin and
broader applicability of this phenomenon. While the dichoto-
mous behavior lacks the definitive discontinuities of a classical
phase transition (as seen in supercooled water), the convergent
evidence from multiple analytical techniques clarifies that
a fundamental reorganization occurs, one that demands closer
scrutiny and could redefine how we understand the behavior of
water under thermal stress.
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