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ABSTRACT: In this study, we examine the spectral dielectric
properties of liquid water in charged nanopores over a wide range
of frequencies (0.3 GHz to 30 THz) and pore widths (0.3 to 5
nm). This has been achieved using classical molecular dynamics
simulations of hydrated Na-smectite, the prototypical swelling clay
mineral. We observe a drastic (20-fold) and anisotropic decrease in
the static relative permittivity of the system as the pore width
decreases. This large decrement in static permittivity reflects a
strong attenuation of the main Debye relaxation mode of liquid water. Remarkably, this strong attenuation entails very little change
in the time scale of the collective relaxation. Our results indicate that water confined in charged nanopores is a distinct solvent with a
much weaker collective nature than bulk liquid water, in agreement with recent observations of water in uncharged nanopores.
Finally, we observe remarkable agreement between the dielectric properties of the simulated clay system against a compiled set of
soil samples at various volumetric water contents. This implies that saturation may not be the sole property dictating the dielectric
properties of soil samples, rather that the pore-size distribution of fully saturated nanopores may also play a critically important role.

■ INTRODUCTION

Water is one of the fundamental molecular building blocks of
our universe. It plays a predominant role in the evolution of our
terrestrial world, the Earth’s geology, and the flora and fauna
contained within it.1,2 It has been observed to form large lakes
beneath the south pole of Mars3,4 and is a frequent component
of martian soils, trapped within phyllosilicate clay minerals.5

Recent observations also have discerned water contained within
nanoconfined quartz environments on the near side of the
moon.6 It is becoming increasingly apparent that water likely
plays an important role in the development of far-off physical
environments in addition to those processes typically observed
on Earth. Yet, despite its ubiquity and utility within the universe,
many mysteries remain regarding its unusual properties.7,8

A distinctive property of liquid water is its strong ability to
screen Coulomb interactions between charged or polar species.9

The strong dielectric nature of liquid water is critical to most
aspects of life, from Earth’s biogeochemical cycles10,11 to
colloidal mechanics12,13 and solvation, transport, and phase
separation in biological structures.2,14−16 It also underlies the
role of water in a vast variety of practical applications, for
example, as a sorbent of energy within microwave ovens,17,18 as a
signature for satellite-based radar/remote sensing,19−23 and as a
useful tool in medical diagnostics and therapy,15 analytical
chemistry,24 geophysical sensing and characterization,25−27

chemical and pharmacological manufacturing,24,28,29 and nano-
fluidic membranes and pumps.30−32

A key question, motivated by the importance of interfacial
water in natural and engineered systems, is the manner in which
the dielectric properties of water are modulated by proximity to
nearby surfaces. In essence, how do the static (relative

permittivity) and dynamic (dielectric spectral response) proper-
ties of water change when near to organic or inorganic
interfaces? In the last decade, experimental and computational
studies have established that such interfaces can strongly
modulate the dielectric properties of liquid water (or even
charged species33), with important implications in many of the
areas outlined above.25,34,35 The fundamental details of this
modulation, however, remain incompletely examined. In
particular, most nanoscale examinations of the dielectric
properties of water in interfacial or confined environments
(with a few exceptions36,37) have focused on systems with pure
water in contact with uncharged surfaces including diamond,38

rutile,39 silica nanopores,40 zeolites,41 graphene nanopores,42−47

carbon nanotubes,48,49 and other surfaces.35,50 In contrast, most
water-filled nanopores in biological, geological, and engineered
settings have charged pore walls and contain a concomitant, and
often high, concentration of counterions.51,52

A second important limitation to our present knowledge is
that previous examinations of the dielectric properties of
confined water have focused almost exclusively on the static
relative permittivity (also known as the dielectric constant) or
on the time scale of the main dielectric relaxa-
tion.25,35,37−40,42−46,50,53 In contrast, the dielectric response of
water and aqueous systems takes place over a wide range of
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frequencies (up to 15 orders of magnitude9) and involves a wide
variety of dynamic relaxation and oscillatory modes. The few
studies that have examined the dielectric spectra of confined
water over a wide range of frequencies have focused relatively
narrowly on the dynamics of supercooled water, which are only
indirectly topical to most terrestrial environments and engineer-
ing solutions,41,54 or on the main dielectric relaxation mode of
liquid water.49 As will be shown, by ignoring the dynamic
dielectric response of water, we miss the detailed mechanistic
understanding that underpins the reasons modulating the
dielectric response.
In the present study, we aim to provide new insight into the

frequency dependent dielectric properties of water in charged
nanoconfined environments, including its relative permittivity,
static conductivity, and complex dielectric relaxation spectrum.
This has been achieved using classical molecular dynamics
(MD) simulations of water confined between charged
phyllosilicate clay mineral surfaces. These minerals are
prototypical natural nanoporous materials that are ubiquitous
in terrestrial soils, sediments, and sedimentary rocks, where they
contribute roughly half of the solid mass.55,56 Due to their
abundance and fine-grained nature, they strongly influence a
wide variety of phenomena including soil fertility, groundwater
hydrology, contaminant fate and transport, the global carbon
cycle, geomechanics, and plate tectonics.57−60 Specifically, the
simulated systems correspond to the 1-, 2-, and 3-layer hydrate
systems that exist within Na-smectite (i.e., the well-known
“crystalline” hydrates formed by swelling clay minerals). We also
have modeled a larger 5 nm wide nanopore representative of
stable “osmotic” hydrate systems. All of these systems are
frequently found in nature.58,61 In addition, we have modeled
systems containing bulk liquid water and a 1 M NaCl solution.
Overall, our simulations reveal the dielectric response of these
systems over 5 orders of magnitude in frequency (from ∼0.3
GHz to 30 THz) and thus provide insight into the dynamics of
nanoconfined water in the Earth’s subsurface over a wide range
of time scales, from femtoseconds to hundreds of picoseconds.

■ METHODS
Theory. A full description of the theory applied to calculate

all quantities in this article can be found within the Supporting
Information. Listed below is an abridged description of how
each quantity has been calculated from the MD simulations.
The dielectric spectra of each system have been calculated as

per Sega et al.62 as
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where β = 1/(kBT) is the inverse thermal energy of the system, V
is the system volume, and ϵ0 is the vacuum permittivity. The
quantity J{⃗i,j} represents the instantaneous current of either the
entire system or water, sodium ions, chloride ions, or clay
particles, depending upon how one wishes to deconvolute the
spectra, defined as
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k
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where qk is the partial charge and vk⃗(t) is the atomic velocity of
atom k. The sum counts over all atoms in the species of interest.
The key advantage of this method is that one only needs to
calculate the current flux of the system, which depends solely on

the velocities of the constituent particles, rather than the
system’s net dipole moment. This is particularly advantageous
when free charges are present in the system, since it overcomes
the difficulty in calculating the system’s dipole moment when
free charges jump across periodic boundaries. Once the spectra
have been produced, the static relative permittivity has been
calculated via fitting the linear regime of the dielectric spectra, at
values less than and including 2 GHz.
The static conductivity σ0, which is a function of the charge

flux of ions solely, has been calculated as37
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where, once again, the conductivity can be deconvolved if one
wishes (though this has not been performed in the present
study).

Simulation Details. All molecular dynamics simulations
have been performed using a custom version of GROMACS
2019.6 modified to output the current of water, cations (Na+),
and anions (Cl− or clay) at every time step for each system. Brief
details of the models used in this study are described below. Full
details of the simulation setup, parametrization, and simulation
settings can be found in the Supporting Information.
In total, six separate systems were simulated including bulk

liquid water, a 1 M NaCl solution, and four nanoconfined
environments corresponding to metastable swelling states of a
prototypical swelling smectite clay. The clay examined was a Na-
montmorillonite with stoichiometry Na0.8

+ [Al3.2Mg0.8]-
8O20(OH)4. The generated nanoconfined environments,
referred to as n-layer hydrates (where n represents the number
of discrete water monolayers between adjacent mineral
surfaces), are presented in the Supporting Information and in
our previous work.63 Specifically, the simulated clay systems
correspond to the 1-layer, 2-layer, and 3-layer hydrate systems
(the well-known “crystalline” hydrates formed by swelling clay
minerals) as well as a larger (5 nm wide) nanopore
representative of stable “osmotic” hydrates, all of which are
frequently found in nature.58 The clay minerals have been
modeled using the CLAYFF force field,64 the ions using the
Joung−Cheatham parametrization,65 and the water using the
SPC/E parametrization.66 Recent molecular dynamics simu-
lations of bulk liquid water suggest that the SPC/E water model
can accurately reproduce the bulk dielectric properties of
water.67

For each system, five separate 20 ns replicates were calculated
and analyzed to produce data. For the dielectric susceptibility
spectra, we used Welch’s algorithm to smoothen data by
calculating spectra over 1 ns blocks, allowing for 500 ps of
overlap between adjacent blocks. A Blackman windowing
function was applied in each 1 ns block to minimize spectral
leakage. The presented data were then calculated as the average
susceptibility spectra of all blocks broken down from each 20 ns
simulation (totalling 100 ns worth of data for each simulation
setup).

Fitting Procedure. In all cases, calculated spectra have been
fitted to physical models using a Levenberg−Marquardt damped
least-squares minimization algorithm.9,14 This process is non-
trivial and tends to yield nonunique solutions depending on the
fitting approach.68,69 To minimize the likelihood of overfitting
the data, we followed the simplest approach reported in recent
studies and modeled our spectra as a sum of two Debye
relaxations and two damped harmonic oscillators (DHOs).14,69
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In systems that contain free ions, we additionally included a
static conductivity component based on the following equation:

f f
i

f
f

i
f

( ) ( )
2

( ) 1
2

0 0χ χ
σ
π

σ
π

Δ = + = ϵ − +
(4)

where ϵ( f) is the complex frequency-dependent relative
permittivity (ϵ( f) = χ( f) + 1) and σ0 is the static conductivity,
defined previously. Full details of our fitting procedure can be
found in the Supporting Information, along with the parameters
describing the line of best fit for each dielectric spectrum.

■ RESULTS AND DISCUSSION
Static Relative Permittivity. Static relative permittivities

predicted for the six simulated systems are presented in Table 1.

Our predicted ϵr-value for pure water is approximately 10%
below the measured value (ϵr = 78.3670) yet is consistent with
previous simulations with the SPC/E water model used in this
study (70.7 ± 0.8,71 62.6 ± 1.9,72 69.973). In 1 M NaCl, our
predicted relative permittivity is attenuated by 22% relative to
pure water, somewhat more strongly than the 15% attenuation
observed in experiments,74 yet again matching previous
simulation results obtained with the SPC/E water model.73,75

This dielectric decrement is thought to primarily reflect
dielectric saturation in the first hydration shell of ions.76,77 Its
overestimation in our simulations is consistent with the
tendency of standard interatomic potential models (such as
those used here) to overestimate the impact of ions on water
reorientational kinetics.78

In nanoconfined environments, ϵr decreases with decreasing
pore width to well over one-twentieth of the value in bulk liquid
water (comparing ϵr⊥ in the 1-layer hydrate to the bulk liquid
water value). Simultaneously, ϵr becomes highly anisotropic,
with a peak anisotropy in the 3-layer hydrate, where ϵr∥/ϵr⊥ =
6.2. Previous experimental data on ϵr in this system do not exist,
to the best of our knowledge. However, our results are
qualitatively consistent with measurements and simulations
reported for clay-rich soils (Figure 1a), although these results are
generally interpreted as reflecting the saturation state of the soil,
whereas our simulations are fully saturated and differ only in
pore width. The result suggests that the saturation of a soil may
not be the sole dictator of its dielectric properties and that the
pore-size distribution of fully saturated nanopores may also play
an important role. In addition, our results are broadly consistent
with the experimental data set on the dielectric permittivity of
water in water-filled slit-shaped boron nitride nanopores (green
crosses in Figure 1b), in remarkable agreement with
experimental data for water films on mica (pink diamonds in
Figure 1b), and with the few existing simulation data sets (red
triangles and orange diamonds in Figure 1b). Although it is
unsurprising that our results agree with those experimentally
measured in mica, it is rather remarkable that we observe
qualitative agreement with the other listed studies since the
dielectric properties were obtained for very different (uncharged
and hydrophobic) materials.
The large confidence intervals presented for our systems in

Table 1 are associated with the tendency for the current of free
charges (sodium, chloride ions, and clay) to retain a large signal-
to-noise ratio over a significant proportion of time within the tail
of their autocorrelation (which, as shown in the Supporting
Information, influences the calculation of the static relative
permittivity). In contrast, the relaxation of the current
autocorrelation related to water molecule rotations is not as

Table 1. Static Relative Permittivities (at 25 °C)Calculated in
This Studya

system
pore width

(nm) ϵr ϵr∥ ϵr⊥

water 70.8(1.9)
1 M NaCl 48.8(9.2)
5 nm nanopore 5 41.6(5.3) 55.7(7.9) 13.3(0.2)
3-layer hydrate 0.9 22.2(13.9) 30.9(20.8) 4.97(0.02)
2-layer hydrate 0.6 12.1(5.0) 17.7(7.5) 4.07(0.01)
1-layer hydrate 0.3 9.0(2.1) 11.9(3.2) 3.24(0.11)
aIn confined water systems, results are also presented in directions
parallel or normal to the charged mineral surface. For comparison,
measured values are ϵr = 78.36 for pure water,70 66.6 for 1 M NaCl,74

and ∼5.5 for pure anhydrous smectite clay.26 The 95% confidence
intervals are presented in parentheses.

Figure 1. (a) ϵr, ϵr∥, and ϵr⊥ in clay−water mixtures and clayey soils, plotted as a function of volumetric water content. Our results from Table 1 are
compared with experimental values obtained for smectite (Gonzalez-Teruel et al.25), oriented mica films (Blonquist et al.79), and a smectite-rich
martian soil analog (Robinson et al.80). The relation by Topp et al.81 describing ϵr in nonclayey soils (widely used in dielectric sensing of soil water
content) is shown as a dashed line for comparison. (b) Water contribution to ϵr⊥ in water-filled slit-shaped nanopores, plotted as a function of water
film thickness. Our results from Table 2 are compared with the only existing experimental data sets for water in hexagonal boron nitride nanopores
(Fumagalli et al.53) and on mica (Teschke et al.12), and with the only two other existing MD simulation data sets, for water in graphene nanopores
(Varghese et al.;45 Motevaselian and Aluru47). We note that the values reported in this study (i.e., the contribution of water to the overall dielectric
response of our system) are not exactly equivalent to the other values presented in the figure (which represent the local dielectric constant of water in
the thin film) and that the apparent disagreement between previous results in uncharged pores (orange diamonds, red circles, green crosses) is likely
due to the use of different definitions of water slab thickness.82
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susceptible to such noise. Moreover, as can be observed in Table
2, the water phase generally contributes the largest proportion to

the overall dielectric properties of each system. We have
highlighted the contributions from water, sodium ions, and clay
particles to the overall perpendicular dielectric permittivity ϵr⊥ in
Figure 2. We observe that the large decrement in the dielectric

screening properties of nanopores is primarily due to the
diminishing contribution of the water phase, and as will be
shown in a following section, this is due to the suppression of the
main Debye relaxation of bulk liquid water. In contrast, we
observe that the dielectric contribution to the static permittivity
is relatively constant for both sodium ions and larger clay
macroions. Finally, we observe the presence of a negative ionic
contribution to the relative permittivity of 1 M NaCl solution,
noting that the water contribution to the dielectric susceptibility
in Table 2 is greater than the overall static dielectric constant
presented in Table 1. This result is in keeping with previous
molecular simulation results by Sega et al.83 and with Hubbard
and Onsager’s proposal of a dynamic decrement to the dielectric
properties of dissolved salts in solution.84

The long-range impact of confinement on ϵr evidenced in
Table 1, Table 2, and Figure 1 is remarkable, as most properties

of water (including structure, polarization, rotational dynamics,
and molecular diffusion) are tangibly impacted by surfaces only
over distances <1 nm.45,85 It is, however, also entirely expected
in the context of capacitance models if water has a highly distinct
local ϵr value near surfaces.53,82 Such models describe the net
relative permittivity of a system as a weighted sum of constituent
relative permittivities in series akin to a series of capacitors, such
that h/ϵ⊥ =∑i(hi/ϵi

⊥), where h is the system width, i sums over
(in this case) two surface-modulated interfacial water films and a
separate region of bulk-like liquid water, and ϵi

⊥ and hi are the
perpendicular relative permittivity and interfacial width of each
phase in themodel, respectively. Given a pore or systemwidth of
5 nm, an interfacial film thickness of 0.9 nm, a bulk-like ϵbulk

⊥ of
70.8, and a system ϵ⊥ of 11.0 (the water contribution to ϵ⊥ from
Table 2, given ϵr = χr + 1) return an interfacial water film relative
permittivity of approximately 4.4. In comparison to previous
literature, this result is roughly consistent with the value of 2.1
obtained by Fumagalli et al. for 0.9 nm water films on
hydrophobic boron nitride substrates.53 The result further
suggests (assuming the applicability of the capacitance model)
that the small surface-modulated water film around the mineral
surfaces can have relatively long-ranged effects. Applying this
model to a 300 nm nanopore, for example, returns a
perpendicular dielectric permittivity of 65, only 92% of the
value of bulk liquid water.
The distinct dielectric behavior of water near surfaces has, in

fact, been previously reported in MD simulation studies that
focused on resolving the local static relative permittivity near
surfaces.38−40,43,45 These studies have revealed lower and highly
anisotropic values of ϵr in the first fewmonolayers of water near a
variety of surfaces including, at least in certain systems, local
negative excursions in ϵr⊥ (i.e., overscreening) in the first water
layer38,39 and ϵr∥ values slightly larger than the bulk water
value.35,43,49 The fundamental explanation of these distinct
dielectric properties of interfacial water remains an active area of
research44 and has been variously ascribed to reduced dipole
correlations in the perpendicular direction near the surface,50 in-
plane hydrogen-bonding in the first monolayer near uncharged
surfaces,45,47 or dielectric saturation due to high ion
concentrations or high electric fields near charged surfaces,25,36

though its systematic occurrence in a variety of systems suggests
that its fundamental origin may be more general.
Overall, our simulation results presented above demonstrate

the existence of a large and anisotropic decrease in ϵr in clay−
water mixtures, one of the most predominant phases in
terrestrial soils and sedimentary environments, with potentially
important implications, for example, in geophysical sensing.25,86

This strong dielectric decrement is remarkably similar to that
recently reported for two other, very different surfaces:
uncharged, hydrophobic hexagonal boron nitride and graphene.
In an attempt to further understand the mechanisms driving this
dielectric suppression, we now move onto the discussion of the
dynamic spectral response of each simulated system. To the best
of our knowledge, this has rarely been reported for nanopores
containing pure water49 and not been previously reported for
nanopores containing both water and ions.

Dielectric Spectrum of Pure Water. The simulated
dielectric susceptibility spectrum (χr( f) = χr′( f) − iχr″( f)) of
pure water is presented in Figure 3. Overall, the predicted data
(gray dots) capture most of the dielectric modes that are
observed in the experimental data (yellow curve).87 We have
fitted the calculated spectra as a sum of two Debye relaxations
and two damped harmonic oscillators (DHOs) (black curve).

Table 2. Water Contributions (at 25 °C) to the Static
Dielectric Susceptibilities (χr = ϵr − 1) Calculated in This
Studya

system
pore width

(nm) χr
water χr∥

water χr⊥
water

water 69.8(1.9)
1 M NaCl 52.6(1.2)
5 nm nanopore 5 37.7(1.0) 51.5(1.5) 10.0(0.2)
3-layer hydrate 0.9 15.4(0.7) 22.3(1.1) 1.38(0.10)
2-layer hydrate 0.6 11.4(0.5) 16.4(0.8) 1.31(0.01)
1-layer hydrate 0.3 4.4(0.2) 6.5(0.3) 0.25(0.02)
aNote that the 95% confidence intervals (presented in parentheses)
are drastically smaller than those presented in Table 1.

Figure 2. Breakdown of the contributions to the perpendicular static
dielectric constant (ϵr⊥) calculated within the present work. The key
contributor to the decrease in static relative permittivity with decreasing
pore width is water. The sum of the contributions to χr from sodium
ions and clay macroions (∼2.2 and 3.9 in the directions normal and
parallel to the clay surface) is roughly consistent with the measured
static dielectric constant of anhydrous smectite clay (ϵr ≈ 5.5, that is, χr
≈ 4.526).
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Full details of our fitting procedure can be read in the Methods
section and in the Supporting Information. Notably missing
from the predicted spectra are the modes associated with H-
bond stretching (at∼5 THz)88 and intramolecular vibrations (at
>40 THz).89 Their absence is expressed as missing peaks in the
imaginary component (the bottom panel) of the simulated
dielectric spectrum at the associated frequencies. These missing
peaks in the imaginary part of the spectrum, in turn, cause most
of the discrepancy observed in the real component (the top
panel) of the calculated spectrum.69 This effect is entirely
expected for simulations carried out with a rigid, nonpolarizable
water model90 (such as the SPC/E model) and can be partially
mitigated by running a more costly simulation including flexible
intramolecular bonds and polarizable water molecules.9,90−92

The largest contribution to the dielectric relaxation of water,
contributing approximately 97% of the static relative permittiv-
ity of water in our simulations, is a Debye relaxation with
frequency f1 = 14.8 ± 0.4 GHz [τ1 = (2πf1)

−1 = 10.8 ± 0.3 ps]
and amplitude S1 = 67.9 ± 1.9 (see Table S1 in the Supporting
Information). The predicted relaxation is ∼30% slower and
slightly lower in amplitude than most experimental observations
(τ1 = 8.27 to 8.40 ps,70,88,93,94 S1 = 70 to 7569,93,95) yet is
consistent with previous simulations with the SPC/E water
model (τ1 = 11.0 ± 0.1 ps, S1 = 68.5 ± 0.79). This mode is
generally interpreted as a collective relaxation of the H-bonded
water network.14,69,94,96

A smaller Debye-like contribution is observed at a higher
frequency f 2 = 0.57 ± 0.04 THz (τ2 = 0.28 ± 0.02 ps) with
amplitude S2 = 0.92 ± 0.05. Early experimental results on this
relaxation mode were relatively scattered due to limited
frequency coverage,88,94 but recent results are consistent with
our predictions in terms of time scale (τ2 = 0.25 to 0.42
ps68,88,95) while suggesting a greater amplitude (S2 = 1.45 to
2.869,72,93,95,96), as are previous simulation results with the SPC/
E water model (τ2 = 0.34 ± 0.16 ps, S2 = 1.5 ± 0.49). This fast
relaxation is thought to be associated with H-bond switching
events9,97 and the associated migration of H-bonding defects in
the water network.98

At higher frequencies, we fit the two dielectrically active
librational modes as DHO terms: a less prominent mode at f 3 =
13.15± 0.07 THz (wavenumber ν ̃ = 437 cm−1) with S3 = 0.52±
0.00 and a more prominent mode at f4 = 20.24± 0.02 THz (675
cm−1) with S4 = 0.50 ± 0.01. Our observations are consistent
with previous MD simulation results obtained with the SPC/E
water model indicating a librational band at ∼20 THz with a
“pronounced tail at lower wavenumbers”9 as well as with
previous experimental results (for example, f 3 = 14.7 THz with
S3 = 0.50 based on data spanning only up to 13.6 THz in ref 95 or
three modes at 14.0, 18.5, and 22.5 THz with amplitudes of 0.32,
0.19, and 0.08 in ref 69). These modes are generally interpreted
as due to the rocking and wagging librational motions of
individual molecules.99,100 More precisely, recent calculations
suggest that the peak near 20 THz reflects a contribution of
rocking and wagging motions combined with collective effects
due to the phonon-like propagation of these modes over
distances up to 1.1 nm, while the broad feature near 12 THz
reflects interactions between transverse and longitudinal
phonons.91

Dielectric Spectrum of 1 M NaCl. The imaginary
component of the dielectric spectrum of a 1 M NaCl solution
is presented in Figure 4 (the real component of all subsequently

presented spectra can be seen in the Supporting Information). A
key difference between the observed spectra for pure water and 1
M NaCl solution is the presence of the DC-conductivity term at
low frequencies (dot-dashed brown line on the left side of Figure
4). The impact of this term and the subsequently calculated
static conductivities of each system will be discussed in a later
section.
A second key difference is that the main Debye relaxation is

attenuated by approximately 35% (in line with the dielectric

Figure 3. Dielectric susceptibility spectrum of pure liquid water as a
function of frequency. Upper and lower panels represent the real and
imaginary components. Simulation predictions are presented as gray
markers overlaid with a line of best fit presented in black. As noted in the
Methods section, the predicted dielectric spectra of water have been
broken down into four constitutive terms: two Debye relaxations at
lower frequencies and two damped harmonic oscillations (DHOs) at
higher frequencies.14,72,88 The yellow curve is the experimental data set
with the most extensive coverage of the frequency range of interest,
derived by Elton69 based on a compilation of refractive index data by
Segelstein.87 Missing contributions to the dielectric spectra of the
simulated water correspond to intramolecular water oscillations and to
the polarization of water molecules during intermolecular H-bond
oscillations.

Figure 4. Imaginary component of the dielectric susceptibility
spectrum of 1 M NaCl solution as a function of frequency. Simulation
predictions are presented and fitted as in Figure 3, with the addition of a
DC conductivity term (dot-dashed brown line at low frequencies).
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decrement in ϵ0 discussed above) and accelerated by 18%. A
similar acceleration of the main dielectric relaxation upon
addition of 1 M NaCl is reported in experimental studies (by
11%74 or 15%76) and in previous MD simulations with SPC/E
water (by 15%73). Previous MD simulations have demonstrated
that the relaxation time scale τ1 is highly sensitive to long-range
Coulomb interactions101 as highlighted, for example, by MD
simulation results showing a 6-fold decrease in τ1 when
Coulomb interactions were smoothly truncated at ∼0.8 nm102

and a significant decrease in τ1 when the main dielectric
relaxation was evaluated based on the collective dipole moment
evaluated over length scales shorter than ∼1.5 nm.69 In this
context, the observed acceleration of the main dielectric
relaxation at high salinity is consistent with the expected
tendency of ions to disrupt the long-range Coulomb interactions
that stabilize water’s hydrogen bond network.
Beyond this, we observe only subtle changes due to NaCl in

the higher-frequency portions of the dielectric spectrum. In
particular, the amplitude of the fast Debye relaxation is
enhanced (as expected if water becomes a less collective
medium) while the amplitudes of the two DHOmodes decrease
by 2% on average (in line with the ∼2% dilution of water when
going from pure water to 1 M NaCl). The time scales of these
fast relaxations are not impacted by ions, in agreement with
studies showing that monovalent ions have little impact on the
reorientation kinetics of water molecules beyond their first
hydration shell8,96,103) and with optical Kerr effect (OKE)
measurements indicating that τ2 has relatively little dependence
on salinity in NaCl solutions.104,105

Dielectric Spectra in Clay Interlayer Nanopores. Figure
5 presents the imaginary components of the dielectric
susceptibility spectra in interlayer clay nanopores. The most
notable phenomenon observed here is the dramatic decrease in
relative permittivity as a function of decreasing pore spacing, as
is also evident with the data presented in Table 1. The key reason
for this decrease is the suppression of themajor Debye relaxation
present in bulk liquid water at ∼20 GHz. This is well evidenced
given the decrease in S1 values (i.e., the amplitude of the primary
Debye relaxation mode) with decreasing pore width as
presented in the Supporting Information, Table S1, and is
further visible in the decreased amplitude of the dotted-blue
Debye relaxation in Figure 5.
A second notable phenomenon is the emergence of an

additional peak within the 1-layer hydrate (though also
discernible in the plots for the 2-layer and 3-layer hydrate) at
approximately 700 GHz. This peak does not readily fit either the
Debye model or a damped harmonic oscillator. Its origin is
associated with the rattling dynamics of interlayer sodium ions as
described in the Supporting Information. Because of this new
peak, the fitting parameters presented in Figure 5 and Table S1
(Supporting Information) for the fast Debye relaxation should
be taken with extreme caution andwill not be discussed here.We
also note that this peak may be a computational artifact due to
potentially inaccurate Na−O surface van der Waals interactions
calculated using classical molecular dynamics simulations.106

The librational (DHO) modes of water are also somewhat
affected by the decreasing pore width. The total intensity of the
two librational bands decreases roughly as one would expect
based on the decreasing volume fraction occupied by water, with
the intensity of the higher-frequency mode decreasing more
rapidly than that of the lower-frequency mode with decreasing
water content. This observation is also in agreement with Elton
and Fernandez-Serra’s observation that ice-like phonons exist in

liquid water up to distances of 1.1 nm91 (the pore width of the 3-
layer hydrate is only 0.9 nm). Furthermore, the two librational
modes shift fairly strongly and consistently toward lower
frequencies with decreasing pore width, suggesting a weakening
of water hydrogen bonds, in agreement with previous inelastic
neutron scattering (INS) and ab initio and classical MD
simulation studies of the 1- and 2-layer hydrates of Na-
smectite.107,108

We also observe the presence of major dielectrically active
modes due to the presence of the clay mineral. These peaks,
presented in blue in Figure 5, have not been fitted but
quantitatively agree with previous infrared (IR), inelastic
neutron scattering (INS), and ab initio and classical MD

Figure 5. Imaginary component of the dielectric susceptibility
spectrum of water and sodium ions in clay interlayer nanopores as a
function of frequency (gray dots and fitted black line). The panels show
results obtained with different systems in order of decreasing pore
width (from top to bottom, 5 nm wide nanopore, 3-layer hydrate, 2-
layer hydrate, and 1-layer hydrate). The blue curve shows the total
spectrum, including contributions from the clay particles.
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simulation studies of the vibrational frequency modes present
within bulk clay mineral phases.107−109

Finally, an important observation is that the relaxation time τ1
is remarkably insensitive to confinement in our simulated
systems. This observation is unexpected based on previous
studies where the relaxation time τ1 was accelerated near low-
dielectric surfaces49 or upon truncation of long-range Coulomb
interactions in bulk liquid water.69,102 The minimal dependence
of τ1 on pore width in our simulations also is remarkable in light
of the classical view of water near mineral surfaces as “ice-
like”,110−113 which would imply a strong shift of the main Debye
relaxation to lower frequencies, with little change in
amplitude,114 and in light of the extensive evidence that the
reorientational relaxation of water molecules is slowed
significantly (by a factor ∼2 to 7) in contact with a variety of
large solutes or interfaces.2,45,115,116 Our finding on the near-
invariance of τ1 with confinement is supported by the fact that
our simulations correctly predict the acceleration of τ1 with
salinity in bulk liquid water.
Further analysis of the dielectric spectra presented in Figure 5,

including their deconvolution into contributions from directions
parallel and normal to the clay surface or into contributions from
water, clay, and sodium self- and cross-interactions is provided in
the Supporting Information. We note, in particular, that our
deconvolution of the dielectric spectra into contributions from
directions parallel and normal to the surface shows a nearly
complete disappearance of the main Debye relaxation mode in
the direction normal to the surface in all nanoconfined systems.
Because of this very strong attenuation, the dielectric relaxation
time τ1 reported here in the direction normal to the surface
should be taken with extreme care. In addition, this observation
suggests such that the dielectric relaxation time reported in
previous studies in directions normal to the surface43 likely
cannot be unambiguously assigned to the collective Debye
relaxation of water in the absence of calculations of the full
dielectric spectrum.
Static Conductivity. An additional quantity attainable from

the calculated dielectric spectra is the static conductivity, related
to the linear divergence in the low-frequency regime of the
imaginary spectra. Predicted static conductivities of the six
simulated systems have been calculated based upon the
autocorrelation of charge carriers in the system (see theory
and Supporting Information for more details) and are presented
in Table 3. Our overall value of 6.91 S m−1 in 1 MNaCl solution
agrees well with previous experimental results (8.5 S m−1)74 and
with simulation results obtained using the SPC/E water model
(7.3 S m−1).75

We note that a significant contribution to the bulk static
conductivity of confined systems arises from the conductivity in
the plane parallel to the clay sheets (the xy-plane). In contrast,
the conductivity perpendicular to the infinite lamellae of clay
sheets (the z-direction) is rather small, befitting the fact that
sodium ions (the primary charge carrier in the clay systems)
cannot diffuse freely in this dimension.
We also observe a maximum in the conductivity of

nanoconfined systems within the 2- and 3-layer hydrates of
Na-smectite. A reason for this can be deduced given theNernst−
Einstein (NE) approximation for static conductivity: σ0 = (F2/
(RT))∑izi

2Dici, where F is Faraday’s constant, R is the molar gas
constant, and zi, Di, and ci are the valence, diffusion coefficient,
and molar concentration of ion i, respectively. The sodium
contribution to each system’s static conductivity has been
calculated via both the NE approach and the charge-carrier
current autocorrelation and is presented in Figure 6 as orange

and blue circular data points, respectively. Also presented with
orange diamonds are the data points of Greathouse et al.
calculated via the NE equation using diffusion coefficients
calculated within confined clay systems via classical MD
simulation,117 as well as the conductivity for sodium using the
bulk diffusion coefficient at infinite dilution presented as a
dotted orange line. We observe that the static conductivity of
each system can be described as a balance of two competing
quantities. As the pore width decreases, the overall concen-
tration of sodium concomitantly increases. In contrast, the
overall diffusion coefficient of sodium ions decreases rather
drastically at small pore separations (notably within the 1-layer
hydrate, at concentrations of ∼10 M). This decrease in sodium
conductivity at small pore widths (or, equivalently, at high
sodium concentrations) is in keeping with the well-known
Kohrausch Law relationship between molar conductivity and
concentration, as shown in the Supporting Information. It is
therefore the balance of ionic concentration with a limited
diffusion coefficient that causes the maximum observed in the

Table 3. Static Conductivities (at 25 °C) Calculated in This
Studya

system
pore width

(nm) σ0 σ0∥ σ0⊥

water
1 M NaCl 6.91(0.40)
5 nm nanopore 5 2.79(0.48) 3.95(0.71) 0.49(0.05)
3-layer hydrate 0.9 5.20(0.91) 7.73(1.38) 0.14(0.05)
2-layer hydrate 0.6 4.02(0.70) 6.03(1.05) 0.01(0.00)
1-layer hydrate 0.3 0.89(0.14) 1.31(0.21) 0.04(0.00)

aIn units of Siemens per meter (S m−1). In confined water systems,
results are also presented in directions parallel or normal to the clay
surface.

Figure 6. Sodium contribution to the static conductivity of the four
simulated clay−water systems and the 1MNaCl system as a function of
sodium concentration (from left to right, 5 nm pore, 1M solution, 3-, 2-,
and 1-layer hydrates). Blue circles show the actual conductivity given
via the autocorrelation of charge carriers. Orange circles show values
calculated using the NE approximation. Solid orange and blue lines are
shown to guide the eye. Orange diamonds show previously reported
values calculated for clay interlayer nanopores using the NE
approximation.117
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static conductivity of these nanoconfined systems in the 2-layer
and 3-layer crystalline hydrates of sodium-montmorillonite.
Also present in Figure 6 is the systematic overestimation of

the static conductivity calculated via the NE equation in
comparison to the actual result given by the charge-carrier
current autocorrelation. We note that the key difference
between the ideal Nernst−Einstein system (i.e., the dotted
orange line) and the orange data points is due to the restricted
diffusion coefficients apparent upon confinement. The sub-
sequent difference between the NE (orange circles) and actual
data points (blue) arise from the couplings between charged
species in each system, which further decrease the overall static
conductivity of a system and are excluded from the NE
calculation.
Finally, we note in passing that in more complex porous

materials, the static conductivity presented here gives rise to an
additional relaxation mode in the MHz regime of the dielectric
spectra due to the so-called Maxwell−Wagner polarization
phenomenon. This relaxation, which remains incompletely
understood, has the potential to yield useful insight into the
microstructure of porous materials including, notably, argilla-
ceous materials such as soils, mudstones, and shales86,118,119 and
will be the focus of a forthcoming study.

■ CONCLUSIONS
In this study, we have attempted to provide insight into the
dielectric properties of liquid water within charged nano-
confined environments. This has been achieved using classical
molecular dynamics simulations in combination with recently
developed theory for the calculation of dielectric spectra, as well
as advanced analysis techniques utilized for the postprocessing
of the dielectric spectra. The key observation we note is that the
static permittivity of water reduces drastically and in an
anisotropic manner under confinement within a charged
nanopore. Other notable findings include the observation that
confinement has a strong and anisotropic impact on the
amplitude of the main dielectric relaxation (S1) but remarkably
little impact on its time scale (τ1), that water librational bands
shift to lower frequency with increasing confinement (suggest-
ing a weakening of hydrogen bonds), that a Na+ rattling band
emerges at narrow pore widths as a detectable signature of ion
crowding, and that conductivity trends show a maximum for
pore widths of 0.6 to 0.9 nm (the 2- and 3-layer hydrates).
Finally, we observe remarkable agreement between the dielectric
properties of the simulated clay system against a compiled set of
soil samples at various volumetric water contents. This implies
that saturation may not be the sole property dictating the
dielectric properties of soil samples, rather that the pore-size
distribution of fully saturated nanoporesmay also play a critically
important role.
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