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ABSTRACT

Water is vital for life, and without it, biomolecules and cells cannot maintain their structures and functions. The remarkable properties
of water originate from its ability to form hydrogen-bonding networks and dynamics, which the connectivity constantly alters because of
the orientation rotation of individual water molecules. Experimental investigation of the dynamics of water, however, has proven challeng-
ing due to the strong absorption of water at terahertz frequencies. In response, by employing a high-precision terahertz spectrometer, we
have measured and characterized the terahertz dielectric response of water from supercooled liquid to near the boiling point to explore the
motions. The response reveals dynamic relaxation processes corresponding to the collective orientation, single-molecule rotation, and struc-
tural rearrangements resulting from breaking and reforming hydrogen bonds in water. We have observed the direct relationship between the
macroscopic and microscopic relaxation dynamics of water, and the results have provided evidence of two liquid forms in water with different
transition temperatures and thermal activation energies. The results reported here thus provide an unprecedented opportunity to directly test

microscopic computational models of water dynamics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142818

INTRODUCTION

Water is a lubricant for life and affects virtually every aspect of
our lives at different levels of complexity from molecules and cells
to organisms." * Specifically, all nucleic acids and proteins are active
in water, and interactions between water and biomolecules control
their structure, dynamics, flexibility, structural stability, and biologi-
cal functions.” Thus, the dynamics and structure of water establish a
central subject in natural sciences.” * In chemical/biological systems,
water establishes the environment for chemical/biological activities
by mediating and supporting bio-chemical reactions. The interac-
tions between water and biomolecules at the molecular level are also
a subject of major interest for understanding biological and chem-
ical processes in aqueous solutions and with the goal of revealing
cellular functions. Thus, water is the most studied chemical sys-
tem with enormous theoretical and experimental studies. However,
despite the wide interest and tremendous research efforts on water,

we still do not fully understand many roles of its participation at the
molecular level.”*

Water shows many anomalous physical properties, and it has
been often speculated that life depends on anomalous proper-
ties, including unusually high melting and boiling points, large
heat capacity, remarkably high surface tension, self-diffusivity, ther-
mal conductivity, and maximum density at 277 K (only a few
examples). ™ Although the anomalies occur in the supercooled
region, they also appear at ambient conditions where most of
important chemical, biological, and physical processes happen. The
anomalous properties must be originated in molecular interactions
between water molecules and local arrangements. A fundamental
question to investigate the properties of water is if the hydrogen-
bonding network of water consists of two liquid forms with different
densities, including low- and high-density liquid water. The local
low-density liquid (LDL) form of water favors through maximiz-
ing hydrogen-bond formation in the near tetrahedral configuration,

J. Chem. Phys. 158, 204507 (2023); doi: 10.1063/5.0142818
Published under an exclusive license by AIP Publishing

158, 204507-1

pd'818271L0°S L~ L0G+02/S512€8.21/8182110°G/€90 1 0L/10p/pd-sjonte/dol/die/bio die'sqnd)/:dpy woy papeojumoq


https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0142818
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0142818
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0142818&domain=pdf&date_stamp=2023-May-26
https://doi.org/10.1063/5.0142818
https://orcid.org/0000-0002-3071-1722
https://orcid.org/0000-0003-1514-2944
https://orcid.org/0000-0001-5510-3064
https://orcid.org/0009-0007-7180-2974
mailto:vinh@vt.edu
https://doi.org/10.1063/5.0142818

The Journal

of Chemical Physics

limiting the number of neighbors. The high-density liquid (HDL)
configuration occurs in disordered structures, squeezing water
molecules tighter by distorting or breaking hydrogen bonds.
A liquid-liquid phase transition (LLPT) between the two liquid
forms,””'""" terminating at a liquid-liquid critical point (LLCP)
located at high pressures and supercooled regions,'* has been con-
sidered for these anomalies." To test the proposal, we need to
perform experiments in a wide range of temperatures. However,
the rapid crystallization occurring below the crystal homogeneous
nucleation temperature (Ty ~ 235 K) has challenged investigations
of the liquid or amorphous states beyond this point.’

To understand physical and biochemical processes that take
place in water, knowledge about the orientation relaxation of water
is crucial. The orientation motions of water molecules in lig-
uid forms have been broadly studied, including nuclear magnetic
resonance,'* dielectric relaxation,'” '’ terahertz spectroscopy,l‘;‘w 2l
mid-infrared pump-probe experiments,”” neutron scattering,”’
Raman-induced, and optical Kerr-effect spectroscopy.”* These
experimental techniques have probed specific orientation motions
in a certain range of frequencies and temperatures of the liquid."” *'
The dielectric spectra from megahertz to terahertz frequencies
of water reveal several orientation relaxation processes,”‘”“w’l1
including the typical signatures of relaxation processes of bulk water,
single-water molecular rotation, and the breaking and forming of
hydrogen bonds. At high temperatures, the dielectric response of
water shifts to terahertz frequencies, resulting in extremely strong
absorption of water in this region. Thus, experimental investiga-
tion of these dynamics has proven challenging. In response, we have
employed a high-precision terahertz frequency-domain spectrome-
ter to explore these motions in a wide range of temperatures from
supercooled liquid to near the boiling point of water and a wide
frequency range from megahertz to terahertz region. Careful anal-
ysis of water dynamics allows us to understand the relationship
between the macroscopic and microscopic relaxation processes and
obtain evidence of the co-existence of two liquid forms of water.
We then employ the results to directly test microscopic compu-
tational models of water dynamics at the megahertz to terahertz
frequencies.

EXPERIMENTAL METHODS AND RESULTS

To clarify the relaxation dynamics of water, it is necessary to
consider a wide range of frequencies from microwave to terahertz
regions. The broadband dielectric spectra of pure, de-ionized water
(resistivity of 18 MQ cm) have been obtained in a wide range of fre-
quencies from 50 MHz to 1.2 THz (0.002-40.03 cm™"). By employing
a vector network analyzer (Agilent PNA N5225A) together with fre-
quency extenders, our systems allow us to simultaneously measure
the absorption and refractive index (i.e., the dielectric dispersion
and loss) of pure water. For the megahertz to gigahertz frequency
range, an open-end reflection probe (Agilent 85070E) and a trans-
mission test cell combined with the vector network analyzer have
been used.'””” The open-end reflection probe was calibrated with
three standard measurements, including pure water, air, and mer-
cury for short circuits. The transmission test cell consists of a coaxial
line in a circular cylindrical waveguide containing water.”> The
dielectric response, including the real and imaginary components,
was obtained directly from these systems. Water temperature can be
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precisely controlled with an accuracy of £0.02 °C from -5 to 95 °C
using a Lakeshore 336 temperature controller.

At high frequencies, the dielectric response of water has been
studied using a gigahertz to terahertz spectrometer based on fre-
quency extenders from Virginia Diodes together with the above
vector network analyzer. In brief, our experimental setup”””>* con-
sists of a number of rectangular waveguides, a variable-thickness
sample cell, and the above temperature controller. We can accurately
measure changes in the transmitted power and phase of a liquid as
a function of the path-length, d, of a sample. Fitting these data to
Beer’s law, I(d,v) = Iy(v) exp (—a(v).d), with I (v) corresponding
to the incident intensity at the frequency, v, provides precise mea-
surements. At the same time, the refractive index of the sample, n,
is determined with the fitting of the observed phase shift to a linear
function of the sample path-length, ¢(d,v) = ¢o(v) + n(v).d2mv/c,
with ¢ being the speed of light. Without the need for precise mea-
surements of absolute path-lengths of the sample, standard errors
of the mean of replicate measurements are smaller than 0.2% of the
absorption coefficient and reflective index of the sample at a spe-
cific frequency. Optical properties of water, including absorbance
and refractive index, vary strongly with rising frequency over the
spectral range, monotonically increasing and decreasing, respec-
tively. The results have been employed to determine the complex
index of refraction, n* (v) = n(v) + ia(v) - ¢/(4nv). Figure 1 shows
the absorption coefficient and refractive index of water at selected
temperatures from —5 to 95 °C. For all investigated temperatures,
the results are presented in Fig. SI of the supplementary material.
We note that the results have been collected by a single research
group from our broad-band dielectric spectrometer with improved
signal-to-noise ratio for a wide range of temperatures for water, not
including any data from the literature. As a resource for researchers
investigating the water dynamics at different temperatures, we pro-
vide the results from -5 to 95 °C with the step of temperature of 5 °C
in the supplementary material.

To determine the complete description of interactions of water
with electromagnetic wave as a function of temperature, it is proper
to represent the complex refractive index of water in the form
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FIG. 1. Interaction between water and electromagnetic wave in the megahertz
to terahertz frequencies reveals the dynamics of water molecules. Absorption
(@) and refractive index (b) spectra of water collected at different temperatures
from supercooled liquid (-5 °C) to near the boiling point of water (95 °C) increase
and decrease with rising frequency, respectively.
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FIG. 2. Complex dielectric response, including dielectric loss and dielectric dis-
persion spectra of water at different temperatures, has been obtained from the
absorption and refractive index spectra.

of the complex dielectric response, n*(v) = \/&*(v), including the
real, /,,(v), and imaginary components, e (v), or the dielectric
dispersion and loss, respectively,”

ea(v) = n*(v) = (ca(v)/(47v))%,

1

o1 (v) = 2n(v)ca(v)/(4mv). M
Employing this approach, we determine the dielectric dispersion
and loss of the complex permittivity of water over a wide range of
frequencies from megahertz to terahertz frequencies with unprece-
dented precision and resolution (Fig. 2). At a certain temperature,
the dielectric dispersion reduces with increasing frequency. The
curves shift to the terahertz frequency with rising temperature. The
dielectric loss has a maximum centered at ~20 GHz at room tem-
perature. The main peak moves to the terahertz frequency when the
temperature increases.

DISCUSSION
Terahertz spectroscopy

The dielectric response of water at megahertz to terahertz fre-
quencies provides information on the dynamics of water. The main
peak of the dielectric relaxation spectra obeys the Debye law, cor-
responding to the collective orientation dynamics or cooperative
relaxation of water.'”'®'”?" At higher frequencies, damped har-
monic oscillators at ~60, 180, 400, and 700 cm™ or ~1.8, 5.4, 12,
and 21 THz,'"”"* respectively, are outside the scope of this paper.
As reported in the literature, one Debye term and the four above
oscillators are not enough to describe the dielectric spectra of water.
To explain the dielectric response in the sub-terahertz frequency
range at room temperature, an additional Debye term with a relax-
ation time of ~1.1 ps has been included.””'"'"*"*’ However, results
from dielectric response spectra collected with the terahertz time-
domain spectroscopy [0.1 < v (THz) < 2] have yielded another fast
Debye process of ~0.18 ps for water at room temperature.””*" This
technique provides insufficient frequency to cover the gigahertz fre-
quency region, neglecting the ~1.1 ps Debye component. To cover
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the frequency from megahertz to terahertz, the complex dielectric
response, ., (v) = eLy(v) + ietr, (v), of water can be characterized as

. 15,19,30,31
a sum of three Debye relaxation components, ’ ’

& — &1 & — & & — €0

2

Es*al(v) = €00 +

1+2mvp 1+ 2avee 1+ 2avs)

where Aey = & — €1, Aey = &1 — &, and Aez = & — €oo are dielectric
contributions of individual relaxation processes with corresponding
relaxation times, 7p, 72, and 73, respectively, to the total dielec-
tric response of water. We employ here 7p to denote 71 (the first
Debye process) for consistency with the expression in the literature.
The relaxation process represents the collective orientation motion
of water molecules in the liquid state. Two faster dynamic pro-
cesses have constant times of 7, and 73. €x captures contributions
to the dielectric response of water from molecular oscillation pro-
cesses at frequencies much higher than our spectral range, including
previously reported modes at ~1.8, 5.4, 12, and 21 THz. !4
€ = Eoo + Z?:IAsi is the static dielectric constant, for example, at
25 °C, & = 78.38 for pure water.''*"*

Employing the method, the spectra of dielectric response at dif-
ferent temperatures, including the real, &l (v), and imaginary parts,
€u(v), are fitted at the same time to Eq. (2). To achieve the best fit,
all six parameters are altered concurrently, except the static dielectric
constant, &, which is changed after a few iterations. As an exam-
ple, Fig. 3 shows such fit for water at 20 °C, which confirms that
Eq. (2) can sufficiently describe the dielectric response of water. If we
use a similar model to Eq. (2) but only one or two Debye terms are
used, residuals are obviously distinguishable between the measured
response and the fit. As reported in the literature, the two-Debye
model is insufficient to describe the relaxation dynamics of water,
and a model with three Debye components has been suggested ear-
lier by Vij et al.,’! Ellison,"” Beneduci,”’ and our previous work."”
Therefore, to obtain the strength and relaxation time of each mode,
we employ Eq. (2) to fit the dielectric response results. At tempera-
tures above 80 °C, the dielectric spectra shift to higher frequencies at
the terahertz region. The maximum dielectric response of the fastest
water dynamics (73) will be out from our frequency range. Thus,
two Debye terms are employed to evaluate the dielectric response
of water.

The measured complex dielectric response is fitted to the
three-Debye model with the least-square method. Individual data
points collected with the frequency in logarithmic scale are weighted
equally in the whole spectrum from megahertz to terahertz frequen-
cies. Three constant times, 7p, 72, and 73, have been observed, Fig. 3.
The slow relaxation time for water, p, at 20 °C is found to be
9.52 + 0.05 ps (16.72 + 0.08 GHz),'* representing the collective ori-
entation motion of water molecules in the liquid state. The two faster
constant times are 7, = 1.14 + 0.07 ps (139.61 + 8.61 GHz) and
73 = 170 + 18 fs (936.2 + 99.5 GHz), which are separated for
the orientation of single-water molecules and the structural rear-
rangements as a result of breaking and reforming hydrogen bonds
in pure water, respectively.'”””**" The corresponding times of
water dynamics charactered as 7, and 73 are faster when compared
with those of the collective orientation motion of water molecules
with factors of ~8 and ~40, respectively. Fitting dielectric spectra
to Eq. (2) also provides the dielectric strength of each relaxation
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FIG. 4. The temperature dependence behaviors of orientation relaxation dynamics

FIG. 3. Dielectric response pure water at 20 °C provides insights into the water
dynamics over the femtosecond to picosecond timescale. Dielectric dispersion,
&4, (v) in the inset, and the dielectric loss, &7, (v), spectra are deconvoluted into
three dynamic processes of water. The red curves are fits of the real and imaginary

components of the complex dielectric response.

of water reveal the relationship between the macroscopic and microscopic dynam-
ics of water and provide evidence of two liquid forms existing in water at ambient
conditions. The temperature dependence of collective motions of water follows
the VFT function and starts to diverge at ~138 K. The relaxation time of single-
water molecules also obeys the VFT temperature with the transition temperature of

~114 K. Vertical lines indicate the melting temperature, Ty, and the crystal homo-
geneous nucleation temperature, Ty. (Inset) The logarithmic ratios between the
collective and single-molecule orientation relaxation times, log (7p/72), are plot-
ted as a function of temperature. Dark open yellow diamonds are the log(zp/72)
ratios estimated from ¢s, €-o, and p using Eq. (3). The ratios provide direct evi-
dence of the relationship between the macroscopic and microscopic relaxation
processes in water.

mode, which quantifies the contribution from each group to the
overall dielectric response of water. For pure water at 20 °C, we
have obtained the contribution of each dynamic process, Ae; = 74.06
+0.25, Agz = 1.41 £ 0.15, and Aez = 1.69 + 0.15. The fitted values of
the time constant and dielectric strength of water at different tem-
peratures are included in Table I and plotted in Figs. 4 and 5. Note
that the dielectric response of water reported in the literature using
the megahertz to gigahertz radiation can only provide the dielectric
response up to 65 °C. The temperature dependence of the collec-
tive orientation process, 7p, obtained from our terahertz dielectric
response below 65 °C is very similar to previous observations.'®***°

Terahertz spectroscopy allows us to characterize the relaxation
dynamics of water in a wide range of temperatures. As demon-
strated, when the temperature increases, the main peak of the
dielectric loss moves to the terahertz frequencies (Fig. 2). Without
terahertz radiation, we cannot characterize the dynamics of water at
high temperatures. The absorption of water increases significantly at
high temperatures, preventing an accurate determination of the rela-
tionship between the macroscopic and microscopic dynamics. Thus,
relaxation times of single-water molecules have intrinsically large
error bars by using a terahertz time-domain system.””*"”” The high
dynamical range of our terahertz frequency-domain setup” allows

TABLE I. Dielectric parameters of water at different temperatures from supercooled
liquid to near the boiling point of water.

T(CC) 1 (ps) 12(ps) 73(ps) & Aey  Aey Ags e

-5 21.05 235 022 9016 8381 161 170 3.10  ysto explore the dynamics of the fast components at the terahertz
5 14.62 1.80 0.19 8576 79.09 153 1.83 3.31

10 12.59 1.53 0.18 83.68 77.10 155 1.83 3.22

15 10.79 1.26 0.18 81.89 7551 1.40 1.68 3.37 4.0

20 9.52 1.14 0.17 80.29 7406 141 1.69 3.27 100,&2:3 %?}ﬂﬁ}ﬁ#} .

25 8.35 1.07 0.14 7881 7286 129 178 3.10 2-25 T A;

30 7.41 0.93 0.16 7712 7144 1.08 1.65 3.28 5 891 7 10007 (K

35 6.64  0.81 0.16 75.65 70.19 1.03 1.58 3.29 T

40 595 074 0.14 7397 6873 1.03 152 3.24 o 60

45 535  0.69 0.16 7225 67.21 093 143 3.36 E

50 485  0.62 0.15 70.58 65.82 0.87 1.39 3.31 1.5 2

55 440  0.58 0.13 6870 64.22 0.82 1.43 3.19 1.0 Az,

60 403  0.54 0.13 67.18 6295 0.72 143 3.18 0.5

65 3.80 0.53 0.13 6595 62.06 0.63 1.51 3.00 25 30 35 4.0

70 3.51 0.47 0.13 6422 60.53 0.68 1.46 2.95 1000/ (K™)

75 320 044 0.15 62,56 59.16 0.40 1.42 3.11

80 2.98 0.38 61.40 57.66 3.57 FIG. 5. The large dielectric constant of water, es(T), originates from the large
85 2.78  0.36 59.58 56.25 3.55 dipole moment in each molecule and the strong correlation between dipole
90 2.56 0.34 58.13 55.16 3.60 moments of its molecules. The values are strongly depending on temperature.
95 237 0.29 56.98 5445 3.65 When the temperature increases, water increases activities; thus, the dielectric

strength and the extent of the hydrogen-bonding decrease.
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frequency. These relaxation processes accelerate and become faster
when the temperature increases (Fig. 4), confirming the presence of
these fast processes. The dielectric strength of the 7, relaxation pro-
cess reduces at high temperatures, following a similar trend as the
collective orientation process. However, the dielectric strength of the
73 dynamic process weakly depends on temperature.

Relationship between macroscopic and microscopic
orientation relaxation dynamics of water

The relationship between the collective (macroscopic) and
single-molecule (microscopic) orientation relaxation times of water
has been a subject of much discussion.”** In a strongly polar lig-
uid, such as water, intermolecular interactions play an important
role in identifying the dynamics of collective relaxation processes
rather than intramolecular dynamics. However, single-molecular
dynamics are essential in determining the microscopic structure
of the dense liquid. Many reports on the microscopic theory have
been proposed to investigate the relationship between the macro-
and microscopic relaxation processes, intermolecular interactions
as well as the microscopic structure of the polar liquid. The rela-
tionship between modes in a strong polar liquid was first pro-
posed by Debye using his continuum theory of dielectric relaxation,
/72 = (€s + 2) /(€00 +2).* The ratio was estimated about 15
for water at room temperature using macroscopic dielectric con-
stants from the literature.'®'”*° However, the Debye method is
inappropriate for strongly polar solvents, such as water. Glarum™®
and Powles® provided an alternative relation based on Onsager’s
model of static dielectric constant and obtained the ratio of 1.5
for water at room temperature. Later, by employing an analysis of
Kirkwood’s factor for the radial distribution function of dipolar lig-
uids, Madden and Kivelson'”** estimated the ratio of 0.006. The
theoretical results do not agree with each other, and high-precision
experimental results are essential to test the computational models.

The megahertz to terahertz spectroscopy provides complex
dielectric response of water to an oscillating electric field, where
intermolecular processes play an essential role. As a result of a finite
relaxation process, the electrical field within the dielectric material
retards behind the external electric field with underlying exponen-
tial dynamics. The strong interactions between water molecules lead
to a slow motion of collective relaxation process in a cluster of water
molecules, characterized by the megahertz to gigahertz spectroscopy
with the time constant of tp. The fast relaxation time, T2, corre-
sponding to the single-water molecule reorientation can be detected
under terahertz radiation. Accordingly, the terahertz time-domain
spectroscopy of water yields two components,”””" including a slow
component close to, Tp ~ 8 ps, and a faster time constant ~170 fs
at room temperature. The fast relaxation time with large errors in
these measurements differs from the single-molecule relaxation time
of water closed to ~1 ps reported by the gigahertz as well as terahertz
frequency-domain spectroscopy.'”'®"” By employing the terahertz
frequency-domain spectroscopy with high precision, we are able to
explore the relaxation time processes in water.

We have characterized the relaxation times of the macroscopic
and microscopic processes as a function of temperature with high
precision (Table I). Logarithmic ratios (blue open circles) between
the collective, 7p, and single-molecule, 75, orientation times (7p/72)
are plotted in a wide range of temperatures from supercooled water
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to 95 °C (Fig. 4, inset). The ratio shows an increase with decreas-
ing temperature (or as a function of 1000/T). The experimental
results for the macroscopic and microscopic relaxation processes
have revealed correlation activities, indicating a strong tempera-
ture effect. The fast process, 75, is coupled to the collective motion
through large water clusters, and the temperature dependence is
similar to that of 7p. As temperature increases, the sizes of water
clusters reduce, resulting in the decrease of the relaxation times.
Thus, the relaxation time ratio, 7p /72, between these modes strongly
depends on temperature. The red curve is a fitting of the experimen-
tal ratios in the logarithmic form to a linear function with a slope of
0.095 and an intercept of 0.592.

Two relaxation processes are sensitive to different microscopic
modes, but they connect each other through large water clusters.
As mentioned above, a number of theoretical approaches have been
proposed to explore the relationship between the macro- and micro-
scopic relaxation processes, but they do not agree with each other.
Recently, Chandra and Bagchi®® and Arkhipov and Agmon™® sug-
gested a behavior between these relaxation modes by employing
microscopic theory. Using the Mori-Zwanzig projection operator
formalism, Arkhipov and Agmon,*° derived a relationship between
the macro- and microscopic processes and obtained an estimation of
the number of water molecules involved in the orientation processes,

o _ 3kpTmo (&5 — €0 ) (265 + £00) 3)

T2 47T[,tzpc £

where kg is the Boltzmann constant, T is the absolute tempera-
ture in K, myo is the molecular weight, p_ = Nmo/V is the density
of a cluster with volume of V and cluster size of N, and y is the
molecular dipole moment. From the theoretical approach, they esti-
mated a ratio between the collective, 7p, and the single-molecule,
T,, orientation times of 7p / T ~ 8 at room temperature for a num-
ber of water molecules of ~9 in a cluster. The number is derived
from the “tetrahedral displacement mechanism”>*’ and an assump-
tion of a coordination number of four around one water molecule,
in which the translation involves four old and four new neigh-
boring water molecules. The collective orientation relaxation time
involves the breaking of the hydrogen-bonding network with old
water molecules, rotating and reforming hydrogen bonds with new
water molecules. At 20 °C, we have observed the dynamics of the
collective orientation time of water of 9.52 ps and the orientation
relaxation time of single-water molecules of 1.14 ps. The relaxation
time ratio, 7p/72, between these modes is 8.35, indicating good
agreement between the experimental observation and theoretical
estimation.

We use our fitting parameters to test the model and recalcu-
late the 7p /7, ratio. Following the above approach, we estimate the
Tp /7 ratios from &g, €oo, and y = 2.6 D*Y in cgs unit (Fig. 4, dark yel-
low open diamonds). The ratios depend only on the macroscopic
dielectric constants and do not contain microscopic parameters.
The behavior of the relaxation ratios in the logarithmic form has
the same trend as the direct ratios estimated from relaxation times.
The results indicate that the fast relaxation mode of single-water
molecules, 7, participates in the slow collective orientation motion,
7p, through large water clusters, in which the slow motion happens
to be localized. The single-water molecules have weak hydrogen
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bonds to neighboring water molecules, rotating with a small acti-
vation energy. In contrast, water molecules with strong hydrogen
bonds in the near tetrahedral configuration will have to wait for the
hydrogen-bond strength to be weaken before being able to rotate,
giving a slow relaxation time. Both types of water molecules cor-
relate with each other but possess their own microscopic structure.
In the hydrogen-bonding network and at a certain time, one water
molecule can have up to four hydrogen bonds. Statically, we can con-
sider two types of water molecules happening in the liquid state. The
experimental results show a continuous trend from the liquid state
to the supercooled water, and no abruption has been observed. We
can expect a continuous rearrangement between two types of water
dynamics.

Dynamic properties of supercooled water

It has been postulated that bulk water is composed of a mixture
of two distinct liquids (LDL and HDL) with different local hydrogen-
bonding networks, densities, and microscopic structures.”'"** Com-
putational simulations have demonstrated that the liquid form of
the LDL occurs in a high degree of the local tetrahedral config-
uration, which is not very different from crystalline ice, though
obviously lacking long-range order.” However, the form of the HDL
has been experimentally identified as a disordered local configura-
tion with a higher coordination number, in which, on average, each
water also has four hydrogen bonds, but a fifth water molecule has
entered the first coordination shell.”’ Based on results of molecu-
lar dynamics simulations,”” these liquid forms are metastable with
respect to crystallization in free-energy basins, and the existence
of a liquid-liquid phase transition between two metastable liquids
terminates at the liquid-liquid critical point in deeply supercooled
regions. Thus, there is the coexistence line (Widom line) along
which the liquid phases of LDL and HDL coexist,” providing the
fundamental explanation for the anomalous nature of water. The
forms of water (LDL and HDL) are related to their counterparts in
glassy states of amorphous forms, including the low-density amor-
phous (LDA) and high-density amorphous (HDA) ices, respectively,
of the phase diagram.'! A large number of methods were employed
to produce amorphous ices with densities varying from 0.3 to
1.3g/ cm®,%? and transformations between amorphous ices have been
experimentally reported. The glass-liquid transition, Tg1, in LDA
has been experimentally characterized around ~136 K.'””"°" In
addition, an identification for the glass-liquid transition in HDA
at ambient pressure and elevated pressures has been provided at
T ~ 116 K.

Monitoring the relaxation times of water, including the collec-
tive orientation motions, rotations of single-water molecules, and
the structural rearrangements as a result of breaking and reforming
hydrogen bonds in the liquid state, reveals the dynamic proper-
ties of water.”” ' The frequency of the dielectric loss provides an
estimation of the average relaxation time, enabling a measure for
the mobility of water molecules as a function of temperature. We
analyze the relaxation times by fitting the data to the empirical
Vogel-Fulcher-Tammann (VFT)® equation,

R DT,
W(T) = 211(T)  27Teo P ( T-To )’ @
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where 7o, is the relaxation time at high-temperature limit, Ty
denotes the fitted temperature parameter or the VFT temperature
at which the orientation relaxation time, 7, of water starts to diverge,
and D describes the deviation from an Arrhenius behavior of the
temperature dependence and corresponds to the fragile temperature

2-64

Py 62
characteristics,

Sl 1 (B
(1) = 211(T) ~ 27Teo eXp(kBT)’ )

where Ea describes the thermal activation energy of the orientation
process.

The temperature dependence of the collective orientation
dynamics in water obeys the VFT-type or non-Arrhenius behav-
ior. We obtain the best fit with Teo = 0.155 x 1072 s, D = 4.57,
and Ty = 138.8 + 3.5 K (Fig. 4, red curve) for the collective ori-
entation relaxation time as a function of temperature. Similarly,
the temperature dependence of the orientation relaxation time of
single-water molecules is well characterized by the non-Arrhenius
relation. The best-fit values of 7o = 0.015 x 107'? s, D = 0.049, and
To = 114.3 £ 9.0 K have been obtained for the temperature depen-
dence of the relaxation time (Fig. 4, orange curve). The observation
suggests that the dynamics of the water molecules having a weak
interaction with neighboring molecules follows a similar behav-
ior of water molecules in the collective relaxation motion. The T
temperature for single-water molecules is lower than that of water
molecules in the collective arrangement in water. When the temper-
ature of supercooled water decreases, water molecules move more
and more slowly, and the viscosity increases. At a certain temper-
ature, the water molecules will move so slowly that they do not
have a chance to rearrange their positions, at which the viscosity or
the relaxation time diverges. Finally, the temperature dependence of
the fastest dynamics of water follows the Arrhenius behavior with
Teo = 0.025 x 1072 s and E4 = 0.049 meV (Fig. 4, dark yellow
curve).

There is not necessarily a one-to-one correspondence between
the two relaxation times of two kinds of water and two liquid forms
in bulk water because the possibility cannot be excluded that each
water in the HDL also has four hydrogen-bonds, but a fifth water
molecule has entered the first coordination shell.”” It is clear that
water molecules with strong hydrogen-bonds can only relax through
the collective orientation process, including breaking hydrogen
bonds, rotating molecules, and reforming hydrogen bonds. The
relaxation process happens in both liquid forms. However, in the
HDL, the dynamics of the fifth water molecule accommodated in
the first coordination shell with some broken or weakened hydrogen
bonds® will contribute considerably to the single-water molecu-
lar process. Thus, regarding the orientation dynamics, two distinct
forms of water molecules exist in bulk water, and the dielectric
response of the two liquid forms of water differs in the extra
contribution of the single-molecule relaxation process. The relax-
ation times as a function of temperature show a divergence at the
supercooled regime for the collective reorientation and single-water
molecular rotation processes happened at ~138.8 and ~114.3 K,
respectively. The Ty values for these water molecules do not cor-
respond to glass transitions.”*" Specifically, the Ty values should
be lower than their T values as reported ~50 K in the polymer
community.®® However, we observe here a little difference between
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them; this result may be resulted from dynamics of water molecules
in local regions, which contain a mixing of two kinds of waters.”"
The D value of the collective relaxation process of water indicates
the fragile property of liquid water; additionally, the value for the
single-water molecule process suggests a strong fragile property of
the water molecules in HDL clusters.””"*

The fastest of the three dynamic processes we observe, which
indicates ~170 fs time constant at room temperature, is also
reported via terahertz time-domain spectroscopy.”””' Calculations
using quantum mechanics or molecular dynamics suggest that this
phase arises due to the breaking and reforming of individual hydro-
gen bonds.”***” This dynamic process may correlate with water
molecules that slightly liberate from their most stable geometry in
the hydrogen-bonding network, breaking a single hydrogen bond
and returning to the same position. This observation has been pro-
posed in the jumping model.** Water molecules do not have enough
energy to change their position, or the rotation process of water
molecules does not have enough amplitude for the jumps. The pro-
cess follows the Arrhenius behavior, reflected from the temperature
dependence of the fastest dynamics of water.

Temperature effects on the collective
relaxation dynamics

The temperature dependence of the collective orientation relax-
ation time, 7p, is expected to connect to the viscosity of water, 7, via
the Einstein—Stock-Debye relation. In this model, a water molecule
with an electrical dipole is considered as a sphere, in which the
rotation of the water molecule in response to an oscillating electric
field is opposed by the hydrodynamic friction of the surrounding
water molecules. The relaxation time of a spherical molecule is given
by"
_4nR’y(T)

keT ©)

D
where R is the hydrodynamic radius of a rotating molecule. We have
characterized the collective orientation dynamics in a wide range of
temperatures from supercooled liquid to near the boiling point of
water with high precision. The results provide us a great estimation
of the viscosity of water.

To investigate the relationship between the viscosity and col-
lective orientation relaxation time, 7p, of water, we have plotted our
results vs the viscosity divided by temperature, in which the vis-
cosity data were taken from the literature (Fig. S3).”° Indeed, our

TABLE Il Fitted values of the enthalpy, AHZ ., entropy, AS3,
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data for the collective relaxation time scale linearly with the viscos-
ity of water divided by temperature in a wide range of temperatures
from supercooled liquid to near the boiling point. We have obtained
the hydrodynamic radius of a rotating molecule, R, of 1.42 A, cor-
responding to a hydrodynamic volume for a rotating molecule of
1.19 x 107 ¢m’. The hydrodynamic volume is smaller than the
volume of each water molecule of ~2.99 x 107 ¢cm® at room tem-
perature. The rotation of water molecules is caused by a tetrahedral
displacement,” including a rotation and a translation from one
site to a neighboring site. For the process, water molecules have
less than four hydrogen bonds; thus, effectively, the hydrodynamic
volume of water molecules is smaller. Additionally, the viscosity
of water is an average of two kinds of water molecules (water
molecules with four hydrogen bonds and single-water molecules).
We expect here a smaller value of the hydrodynamic volume of water
molecules. The view agrees with the postulation that the structure
of water has a random network of hydrogen bonds with frequently
strained and broken bonds, continuously subject to spontaneous
restructuring.®®

To quantify the thermal activation of the orientation relax-
ation processes, we employ the Eyring theory,”” assuming that the
relaxation pathway occurs through a thermally activated transition
state,

7)

D =

h AH™ — TAS*
—exp| — |,
ksT RT

where h, R, AS*, and AH” are the Planck, gas constants, entropy, and
enthalpy of the activation energy, respectively. Our plot of experi-
mental results, In (tpkgT/h) vs 1/T, deviates from linear behavior
(Fig. S4), indicating the temperature dependence of entropy and
enthalpy by the isobaric heat capacity, Ac;,““j’(’

AH” - TAS™ = AHzo3 + Ac, (T - T™)

T
_ T(As;s +Acy In F)’ 8)

where AS;s and AHjg, are activation parameters at T* = 298.15 K.
We have obtained fitted parameters for the enthalpy, entropy, and
isobaric heat capacity of thermal activation for the collective orien-
tation and single-water molecule relaxation processes. The extracted
values are provided in Table II. The results for the collective
relaxatlion process are in line with previous literature results for
water.' >

and heat capacity, Ac;;, of thermal activation for the collective

orientation and single-water molecule relaxation processes of water.

AH;% AS;S Ac;
Modes To (K) (kJ mol™) Jmol™ K) (mol™K!) Reference
138.8 + 3.5 16.353 + 0.085 22.1+0.3 -108 £ 7 This work
Collective relaxation 15.9 £ 0.2 20.4 + 0.7 -160 + 22 16
16.1 £ 0.2 21.1+£0.7 -94+12 36
Single-molecule 1143+9.0 14.690+0.229  33.8+0.8 -74+17 This work
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Temperature dependence of the static
dielectric constant

The large value of the static dielectric constant, &(T), of pure
water originates not only from the polarity of individual water
molecules and the number of dipoles per unit volume but also
from the correlated mutual orientations of these molecules. The
static dielectric constants, &(T), of liquid and supercooled water
have been reported by several research groups, and the values are
consistent with each other."”'* To seek a realistic physical func-
tion that describes the interaction of electromagnetic field with
water molecules, several functions have been provided. Polyno-
mial functions have been proposed for the temperature depen-
dence of the static dielectric constant over the temperature range
0-100 °C.">'%70 By employing the most precise measurements,
Hamelin et al. yielded a function, &(t) =87.9144 —0.404 399¢
+9.58726 x 107> — 1.32892 x 10~°#’, with 0 °C < t < 145 °C.”"
The estimated standard deviation of the static dielectric constant is
small but may not work for temperatures outside the range. In par-
ticular, the large dielectric constant of water arises from both the
large dipole moment in each molecule and the strong angular corre-
lation between dipole moments of its molecules, strongly depending
on temperature. For such a highly polar substance, Kirkwood’s
equation sheds light on the inverse relationship between the static
dielectric constant and temperature that originated from the oppo-
sition of the thermal excitation to the alignment of electrical dipole
moments in the direction of the applied field. Thus, the random
network model can describe the static dielectric property of water,
in which hydrogen bonding in water is continuous, although dis-
torted, throughout configurations occupied in the liquid state. The
static dielectric constant from 100 °C down to the supercooled range
is a function of the inverse absolute temperature (1/T), Kirkwood
correlation factor (gy ), density of water (p), and molecular dipole
moment (). The temperature dependence of the static dielectric
constant is described by an empirical equation,'””!

2
&(T) :A+B%. 9)

Estimating the static dielectric constant of water depends on
several parameters, which are also temperature dependent. The
parameters are well predicted by theoretical calculations or exper-
imental phenomena fitting functions. The density of water at the
standard atmospheric pressure is well known from precise measure-
ments in the range from 239 to 423 K.”*”* The density of water can
be obtained in the form of rational functions p = ¥3_, aat"/(1 + bt),
with ap = 0.999 83952, a; = 16.945176, a; = —7.9870401 x 107,
a3 = —46.170461 x 107, a4 = 105.563 02 x 1077, a5 = —280.542 53
x 107"%, and b = 16.879850 x 107> for —30 °C < t < 150 °C.””
The theoretical Kirkwood correlation factor, gy, of water is basi-
cally independent of temperature.”* Déjardin et al. found that
g¢ = 273 and 272 at T = 0 and 83 °C, respectively. The
dipole moment of water molecules has been estimated using
molecular dynamics simulations.”””” We have plotted the static
dielectric constant divided by the density, es(T)/p, as a func-
tion of inverse absolute temperature, 1000/T, and we find a lin-
ear dependence (Fig. 5). The red line is fitting of experimental
data to Eq. (9), and we have obtained A/p = —22.34 and Bgu’
= 30.163. The results in a large range of temperatures are in

ARTICLE scitation.org/journalljcp

support a continuity of state of hydrogen bonding between lig-
uid and supercooled water as described in the random network
model.”!

When the temperature increases, water increases the activity;
thus, the dielectric strength and the extent of the hydrogen-bonding
decrease. Dielectric dispersion and loss spectra of water between
-5 and 95 °C from megahertz to terahertz frequencies exhibit the
effect of increasing temperature (Fig. 2). The dielectric dispersion
of water becomes lower at higher temperature, lessening the diffi-
culty of the movement of the water dipole moment, and so, allowing
water molecules to oscillate at higher frequencies. As the result, the
force between hydrogen bonds reduces, lowering the friction and,
hence, the dielectric loss. Note that the dielectric constant at high
frequencies, €0, changes slightly with temperature (Fig. 5, inset). We
have employed the empirical equation [Eq. (9)] to fit the dielectric
strength of each relaxation process and obtained fitting parameters,
Ay/p = —22.28 and By gy’ /p = 28.323 for the collective orientation
process, together with Ay /p = —3.48, Bog, u” /p = 1.401 for the single-
molecule rotation process. The dielectric strength for the structural
rearrangement due to breaking and reforming hydrogen bonds in
the pure water changes slightly with temperature and does not follow
the 1/T behavior.

CONCLUSIONS

In conclusion, we have performed terahertz spectroscopy for
water in a wide range of temperatures from the supercooled state to
near the boiling point. We have observed three dynamic processes,
including the collective orientation dynamics, single-water molecule
mode, and structural rearrangement resulting from breaking and
reforming hydrogen bonds. The observation shows a relationship
between the macroscopic and microscopic relaxation dynamics of
water, providing evidence of two liquid forms at ambient conditions.
The temperature dependence of the dynamics of the two orienta-
tion processes follows the VFT behavior, related to the two liquid
forms in water of LDL and HDL. The temperature dependence of
the fastest process obeys the Arrhenius-type. From the temperature
dependence of the relaxation times, we have estimated experimental
values for the enthalpy, entropy, and heat capacity of thermal acti-
vation for the collective orientation and single-water molecule relax-
ation processes of water, as well as provided an alternative approach
to evaluate the temperature dependence of the static dielectric con-
stant. The results provide direct evidence of water dynamics related
to the two liquid forms in different local environments.

SUPPLEMENTARY MATERIAL

See supplementary material for details of terahertz spec-
troscopy of water at different temperatures.
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