UC Merced
UC Merced Previously Published Works

Title
Fluids and Electrolytes under Confinement in Single-Digit Nanopores

Permalink
https://escholarship.org/uc/item/42m2n8m\

Journal
Chemical Reviews, 123(6)

ISSN
0009-2665

Authors

Aluru, Narayana R
Aydin, Fikret
Bazant, Martin Z

Publication Date
2023-03-22

DOI
10.1021/acs.chemrev.2c00155

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-ShareAlike License, availalbe at https://creativecommons.org/licenses/by-

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/42m2n8mv
https://escholarship.org/uc/item/42m2n8mv#author
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://escholarship.org
http://www.cdlib.org/

CHEMICAL
REVIEWS Ee080

pubs.acs.org/CR

Fluids and Electrolytes under Confinement in Single-Digit
Nanopores

Narayana R. Aluru, Fikret Aydin, Martin Z. Bazant, Daniel Blankschtein, Alexandra H. Brozena,

J. Pedro de Souza, Menachem Elimelech, Samuel Faucher, John T. Fourkas,* Volodymyr B. Koman,
Matthias Kuehne, Heather J. Kulik, Hao-Kun Li, Yuhao Li, Zhongwu Li, Arun Majumdar, Joel Martis,
Rahul Prasanna Misra, Aleksandr Noy, Tuan Anh Pham, Haoran Qu, Archith Rayabharam,

Mark A. Reed, Cody L. Ritt, Eric Schwegler, Zuzanna Siwy, Michael S. Strano,* YuHuang Wang,*
Yun-Chiao Yao, Cheng Zhan, and Ze Zhang

Cite This: Chem. Rev. 2023, 123, 2737-2831 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: Confined fluids and electrolyte solutions in nanopores exhibit rich and
surprising physics and chemistry that impact the mass transport and energy efliciency in
many important natural systems and industrial applications. Existing theories often fail to
predict the exotic effects observed in the narrowest of such pores, called single-digit
nanopores (SDNs), which have diameters or conduit widths of less than 10 nm, and have
only recently become accessible for experimental measurements. What SDNs reveal has
been surprising, including a rapidly increasing number of examples such as extraordinarily
fast water transport, distorted fluid-phase boundaries, strong ion-correlation and quantum
effects, and dielectric anomalies that are not observed in larger pores. Exploiting these effects
presents myriad opportunities in both basic and applied research that stand to impact a host
of new technologies at the water—energy nexus, from new membranes for precise
separations and water purification to new gas permeable materials for water electrolyzers and energy-storage devices. SDNs also
present unique opportunities to achieve ultrasensitive and selective chemical sensing at the single-ion and single-molecule limit. In
this review article, we summarize the progress on nanofluidics of SDNs, with a focus on the confinement effects that arise in these
extremely narrow nanopores. The recent development of precision model systems, transformative experimental tools, and multiscale
theories that have played enabling roles in advancing this frontier are reviewed. We also identify new knowledge gaps in our
understanding of nanofluidic transport and provide an outlook for the future challenges and opportunities at this rapidly advancing
frontier.
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1. INTRODUCTION AND SCOPE

Nanopores feature prominently in mass-transport processes in
many important natural systems and industrial applications,
often provide critical contributions to energy efliciency, and
even define the functionality of systems and applications.
Confined fluids and electrolyte solutions in nanopores often
behave in ways that deviate from the predictions of simple,
classical scaling theories. Such deviations are particularly
significant in the narrowest of such pores, called single-digit
nanopores (SDNs), which have diameters or conduit widths of
less than 10 nm. Molecular simulations and existing theories,
whether continuum or atomistic, often cannot adequately
quantify or qualitatively describe these exotic effects in SDNs.
Examples of such phenomena include slip-flow enhancement, in
which the narrowest of nanopores demonstrate higher mass-
transport rates than do their wider counterparts,”” non-Gibbs—
Thomson phase behavior, in which fluid phase boundaries in
SDNs are distorted compared to their bulk fluid counterparts,*
and highly nonlinear, correlative ion-transport effects that are
not observed in nanopores with even slightly larger dimensions.”
Research in this area of nanofluidics has become increasingly
active, as it has become clear that experimental observations
have deviated substantially from theoretical predictions or
understanding. This review aims to provide continuity with past
scholarship in each of these areas, with a view toward addressing
and extending the frontier scientific questions of nanoconfined
fluids.

Specifically, these observations point to several interesting
research directions. Understanding some of the detailed,
molecular-scale mechanisms that cause these deviations from
classical fluid- and ion-flow models could lead to new paradigms
for enhancing fluid flows,’ developing novel precision
separations and selectivity mechanisms,” or even conceptualiz-
ing alternative ways to store information.” Such advances in turn
could lead to new opportunities for developing materials
platforms for enhanced water purification,” critical materials
separation and harvesting,7 enhanced bioelectronic interfaces, '’
and low-energy nanofluidic computing."'

In a previously published perspective article, we identified
seven critical knowledge gaps (KGs) in mass transport through
SDNs."” In this review, we will summarize the progress that has
been made in understanding nanofluidic phenomena in SDN,
with a focus on confinement effects. Studies across the same
types of SDNs with varying overall length scales have proven
instructive for understanding broader trends in confined
nanofluidics. The carbon nanotube (CNT) literature is an
example in this regard. Several studies over the past two decades
observed that protons can play an important role as charge
carriers in SDNs. In aqueous electrolyte solutions and under an
applied electrical bias, protons were found to dominate the ion
current through 0.5-mm-long carbon nanotubes."” Consistent
with this observation, a decrease in the solution pH leads to an
increase in proton conductance.' ' Rapid proton transport was
further confirmed in experiments on short (~10 nm) CNT
porins."® In particular, proton-transport rates of single-file water
(4.2 A ps™') were confirmed to exceed those in bulk water (0.4

https://doi.org/10.1021/acs.chemrev.2c00155
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Figure 1. Nanomaterial-based membranes at the water—energy nexus. (A) Nanomaterial archetypes and their potential energy-saving properties have
motivated the extensive use of such materials in next-generation desalination membranes. Adapted from ref 32. Copyright 2020 Royal Society of
Chemistry under CC BY 3.0 license (https:// creativecommons.org/licenses/by/3.0/ ). (B) Specific energy (SE) requirements for the desalination of
various saline feedwaters with respect to membrane water permeability. The shaded gray regions highlight the marginal improvement in desalination
energy consumption offered by increased water permeability from novel nanomaterials as compared to state-of-the-art polymeric materials. Adapted
from ref 32. Copyright 2020 Royal Society of Chemistry under CC BY 3.0 license (https://creativecommons.org/licenses/by/3.0/). (C) The water—
salt permselectivity (Py,/Ps) achievable with novel nanomaterials, novel material-based membranes, and current commercial membranes. The symbols
represent experimental data, the gray shaded region indicates the range of selectivities achievable with current commercial membranes, and the blue
dashed line represents the theoretically attainable selectivity for novel nanochannels. Adapted from ref 32. Copyright 2020 Royal Society of Chemistry
under CC BY 3.0 license (https: //creativecommons.org/licenses/by/3.0/ ). (D) Osmotic energy harvesting from pressure-retarded osmosis (left) and
reverse electrodialysis (right). Both processes involve the mixing of fresh water and highly saline seawater across selective membranes. The resulting
water or ion fluxes can be used to generate or capture electricity, respectively. Reproduced with permission from ref 36. Copyright 2019 Royal Society

of Chemistry.

A% ps™"),” in agreement with the prediction of an enhanced
Grotthuss mechanism.'® Proton conduction is found to be
similarly important for water confined in slit pores, although
monolayer water in 3.4-A-thick slit pores has a smaller transport
rate than in CNT porins, possibly due to the formation of a
proton-ordered ice phase.'”

As another example, electrically sealing a nanopore has proven
more challenging than it might seem. Although lipid bilayers
naturally provide gigaohm membrane resistances, placing a
nanopore in a solid medium does not usually result in electrical
insulation of comparable quality. Polymers and SiO, at the 10-
pm thickness level cannot block an electric field as effectively as a
lipid bilayer can. This problem is especially relevant for CNTs,
the sealing of which into membrane materials has been rarely
verified.

Additionally, strong cation selectivity is a consistent character-
istic of ion transport through electrically neutral, small-diameter
CNTs. This phenomenon was first demonstrated through
Coulter blocking in 0.5-mm-long CNTs, in which cations
suppress the proton flux.'”'® No pore blocking events due to
anions were observed. It was proposed that anions are rejected
by negative charges of carboxylate groups at the CNT pore

2739

mouths.'”*? Strong cation selectivity was also observed in sub-1-

nm diameter CNT porins at neutral pH. Interestingly, cation
selectivity could be reversed by changing the solution pH to 3.0,"
but the exact mechanism of such a reversal is still being
debated."”’

Recent trends have also seen SDNs used in diverse
applications such as energy storage, including nanofluidic
channels formed by reconstruction of cellulose fibers induced
by copper ions. Such systems can achieve scalable and versatile
ion-conducting matrices with ordered nanofluidic channels
capable of transporting Li* ions. Solid-state electrolytes based on
such systems show high Li* conductivity suitable for battery
applications.

Materials science has enabled the production of nanopores
with 3D order to translate nanopore physics to macroscopic
fluxes. In this regard, metal organic frameworks (MOFs) have
inspired the development of several other rationally designed
nanoporous materials, given the realization that vertices need
not be inorganic. Covalent organic frameworks (COF) are one
important, emerging example.

The proliferation of 2D materials, those forming strong in-
plane bonds and weak out-of-plane interactions, has also formed

https://doi.org/10.1021/acs.chemrev.2c00155
Chem. Rev. 2023, 123, 2737-2831
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the basis for important nanofluidic systems. The preparation of
monocrystalline graphene has motivated the field of exper-
imental 2D crystal materials science, including new types of
planar and membrane channels.

Advances in modeling tools have significantly accelerated
understanding, particularly at the molecular level, for fluids
within SDNs. There is generally a trade-off of higher fidelity
modeling to capture forces accurately, at the expense of
computationally affordable methods that ensure sufficient time
or length scales are accessible to capture the relevant
phenomena. Quantum simulations, force-field-based MD
simulations, and continuum modeling have all been used to
address problems in SDNs and the limitations imposed by this
trade-off.

Future directions for SDNs are summarized at the end of the
review, and broadly focus on the addition of new perturbative
forces that are enabled by this next generation of channels.
Conducting walls, for example, open up new opportunities to
control fluid and ion flow independently of the channel fluid
itself. Mechanically compliant channel walls allow new experi-
ments involving oscillatory perturbation capable of probing
critical time scales within channels. Such systems will
undoubtedly highlight new gaps in our knowledge of fluids at
the extremes of physical confinement.

1.1. Applications

The unique electrochemical and transport properties of SDN,
and the possibility of tuning the interactions of molecules with
the entrances and walls of SDNs, have inspired scientists to use
such nanoporous materials in a variety of applications, including,
but not limited to, separations, energy storage, and sensing. This
section describes some of the applications of membranes with a
random network of SDNs, as well as of individual precision
nanostructures, that motivate the need to understand the
fundamental chemistry and physics of fluids in SDNs.

1.1.1. Water—Energy Nexus. Population growth and the
rapid industrialization of global communities have imposed
unprecedented pressures on Earth’s natural resources, partic-
ularly due to increased water and energy demands.”*** Severe
interim water scarcity, which affects two-thirds of the global
population each year,””®” has necessitated the exploitation of
unconventional water sources, such as seawater and brackish
groundwater, that require treatment before use.”>*> Water
desalination presents an auspicious opportunity for augmenting
the fresh water supply and alleviating water stress in many
regions.26 However, water—salt separation is inherently energy
intensive.”® Although strides in renewable energy have been
made over the past decade, we are still highly dependent on
nonrenewable sources to supply our energy demands.’”
Extraction or conversion of these nonrenewable sources, such
as shale %as and crude oil, also consume considerable amounts of
water.”>?” As such, the availabilities of water and energy are
intricately interdependent.

The inextricable link between water production and energy
generation, termed the water—energy nexus, presents unique
challenges when addressing global demands for these
resources.””’" For water production, minimizing the energy
demand is imperative. This goal requires separation materials
(e.g, membranes) with highly permeable and selective
pores.””** A myriad of novel materials have been explored in
an effort to develop the next generation of nanofluidic
membranes (Figure 1A).” Although current polymeric mem-
branes have adequate water permeability and already operate at
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energy efficiencies near the thermodynamic minimum, (Figure
1B),”*"**7* novel nanofluidic materials with superior water—
salt selectivity or single-species selectivity could significantly
improve the overall process efliciency of desalination by
eliminating the need for additional separation passes, post-
treatment steps, and remineralization of product water.>*® To
achieve this goal, bottom-up synthesis is a promising approach
to create highly selective nanofluidic channels on a robust
support matrix to avoid introducing the fabrication-induced
defects that are inherent in top-down synthetic techniques.
Fabrication-induced defects can severely limit the selectivity and
overall separation performance of novel nanofluidic channels
incorporated in membranes (Figure 1C).*” The development of
highly selective channels requires molecular-level design
techniques, for which a fundamental understanding of confine-
ment effects is paramount.lz’33

The harvesting of osmotic energy, or so-called blue energy,
has been explored to address energy demands. This technique,
in which electricity is produced by mixing solutions of varying
salinity (Figure 1D), is rather inefficient when implemented with
conventional membrane materials.>**>”””® However, the
emergence of unique transport phenomena in novel nanofluidic
materials has renewed interest in this research area, as recent
experiments have realized a predicted three to six orders-of-
magnitude increase in osmotic power generation over conven-
tional materials.’® This estimate has recently been challenged by
a theoretical analysis that suggests that concentration polar-
ization presents a severe limitation to this type of energy
harvesting.”” Nevertheless, the potential for novel nanofluidic
materials to enable clean and efficient osmotic energy generation
has elicited widespread optimism.

1.1.2. Energy Storage. As society moves away from fossil
fuels, energy storage and delivery are becoming ever more
critical for economic development, driving the research
investment in new materials for batteries and supercapacitor
technologies, in which the unique physics of ion transport under
confinement in SDNs provides opportunities to enhance
performance. Adding nanofluidic materials, such as CNTs, to
the battery electrolyte has been shown to be beneficial for a
range of applications, although the precise mechanisms of such
enhancements remains unclear.®® For example, addition of
multiwalled carbon nanotubes (MWCNTSs) was shown to the
improve discharge capacity of flow batteries.””*" Researchers
have exploited transport efficiency in SDN channels to enhance
electrochemical capacitance in solid-state supercapacitors by
using tungstate-anion-linked polyamide materials that create an
intrinsic water-filled network of nanofluidic channels that are
suitable for use with both liquid and gel electrolytes.*'

SDNs also provide an opportunity to design eflicient solid-
state electrolytes, which could potentially provide superior
energy density and improved safety characteristics as compared
to the liguid electrolytes used in the current generation of
batteries.” An interesting example, demonstrated recently by
Hu and co-workers, used nanofluidic channels formed by
reconstruction of cellulose fibers induced by copper ions to
create a scalable and versatile ion-conducting matrix with
ordered nanofluidic channels that are capable of transporting Li*
Solid-state electrolytes based on this reconstructed
cellulose matrix show high Li* conductivity, and their wide range
of electrochemical stability renders these materials suitable for a
range of battery applications.

1.1.3. Chemical and Biological Separations. Nanopores
are ideal model systems for the detection of single objects,
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Figure 2. Single nanopores for DNA sequencing, and as a model system for understanding ionic and molecular transport under nanoconfinement. The
fundamentals of the resistive-pulse technique, including (A) a schematic of a conductivity cell containing a single nanopore and (B) the ion-current
signal through an empty nanopore, and through a nanopore with an object that causes a transient current decrease. The object can pass through
without binding to the pore walls, or can bind transiently to recognition groups on the pore walls. (A,B) Reproduced with permission from ref 68.
Copyright 2010 Royal Society of Chemistry. (C) The biological pore formed by Mycobacterium smegmatis porin A equipped with DNA polymerase can
ratchet DNA through the pore one base at a time. Reproduced with permission from ref 58. Copyright 2015 Springer Nature. (D) Continuum
modeling of transport through nanopores considers the pore geometry, surface charge properties, and ionic concentrations; the modeling is based on
the Poisson—Nernst—Planck and Navier—Stokes equations. Reproduced with permission from ref 69. Copyright 2008 IOP Science. Atomistic models
of (E) silica and (F) polymer nanopores. Adapted from ref 70. Copyright 2009 Institute of Electrical and Electronics Engineers.

including ions, molecules, and particles.44_84 A large surface-to-
volume ratio makes nanopores extremely sensitive to the small
changes of volume caused by the presence of a molecule and/or
changes in pore-wall properties.

One of the most prominent applications of single-pore
sensing has been the sequencing of DNA.**>° This application
demonstrates the crucial importance of nanoconfinement and
the ability to tune the effective opening and length of the pore.
DNA detection and sequencing using the resistive-pulse
technique (Figure 2A) is based on the fact that the passage of
a single DNA molecule through a pore causes a transient change
in the current, which is called a pulse or an event.’"** The
amplitude and duration of such events provide information
about the molecular width and length (Figure 2B). The first
nanopore used in such experiments, a-hemolysin from Staph-
ylococcus aureus, is wide enough to allow single-stranded DNA to
pass through, but is too narrow to let double-stranded DNA to
enter.”’ Notably, similar behavior was demonstrated in DNA
transport through 1.5 nm diameter CNT pores.”’ Early
experiments also revealed that the nanoconstriction between
the DNA molecule and the a-hemolysin channel allows the
orientation of the DNA to be determined as the strand enters the
pore. The translocation time of a DNA strand entering the pore
with its 5" end differs from that of a DNA strand that enters from
its 3’ end.”" Resistive-pulse experiments with DNA molecules
also demonstrated that to recognize and differentiate all bases, it
is necessary to extend the passage time and to shorten the
sensing zone, such that only one base occupies the pore volume
at a time.””>> DNA sequencing was successfully demonstrated
with asymmetric nanopores equipped with a molecular motor
that ensures ratcheting of the DNA molecule one base at a time
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(Figure 2C).>°~*® These results stimulated subsequent efforts to
sequence proteins, and significant progress has already been
made in this area.”” Ellison and co-workers also demonstrated
that CNT pores can pass amino acids, producing current
blockades that reflect molecular volumes.®” Nanopores have also
been used to sense small molecules, and even ions.**®'
However, the detailed description of transport of complex
biological molecules is beyond the scope of this review.

Nanopores with well-defined physical and chemical structures
can help us to understand the structure/function relationships of
porous materials for a wide variety of applications, including ion
separations.’’ If the separation is based on charge, as occurs in
nanofiltration membranes, single pores can be used to probe the
influence of the diameter, length, shape, and surface charge
density of the pore, as well as of the magnitude of the pressure
difference, on salt rejection.””*> These geometrical and
electrochemical parameters can be modeled by a continuous
approach using the Poisson—Nernst—Planck and Navier—
Stokes equations (Figure 2D). How the atomistic details of
the structure of a nanopore structure impact transport
characteristics can also be explored using molecular dynamics
(MD) simulations (Figure 2E,F).**%” Synergistic experimental
and modeling efforts can provide an understanding of transport
properties, and can allow for optimization of pore properties for
ion transport and separation. Single nanopores have also been
decorated with a variety of recognition systems that enable the
investigation of how tuning the properties of the pore walls can
enhance molecular separation and sensing,**
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(squares),*” differential scanning calorimetry (upward-pointing triangles),*® nuclear ma§netic resonance (diamonds),** Raman spectroscopy (left-
1

pointing triangles),** and photoluminescence spectroscopy (right-pointing triangles).

The black dashed line indicates the Gibbs—Thomson

behavior of water as extrapolated from measurements in glass capillaries.*” (B) Quasiphase transitions of water arranged in a single-file manner inside
(6,5) CNTs observed via changes in the photoluminescence emission energy (bottom). The quasiphases differ in the average relative orientation of the
water dipole moments, as can be seen in the MD snapshot (top). Reproduced with permission from ref 99. Copyright 2017 American Physical Society.

1.2. Experimental Observations that Deviate from Simple
Classical Scaling Theories

1.2.1. Liquid Dynamics and Transport. The enhanced
transport of a liquid through a nanopore can be described via a
slip length or flow enhancement, either of which describes the
increase in volumetric flux relative to Hagen—Poiseuille flow.”'
In general, slip length varies nonmonotonically with nanopore
diameter, and depends on the atomic structure of the liquid—
solid interface in ways that deviate from classical theories and
assumptions from fluid mechanics, such as the no-slip boundary
condition.

Diameter-dependent flow enhancement in CNTs has been
speculated to exist, and has therefore been the subject of
modeling, for many years.”””” The most definitive experimental
measurements of this phenomenon were made usinég isolated
CNTs’*”® and 2D van der Waals heterostructures.”” Bocquet
and co-workers observed pressure-driven slip flow in 20—100
nm diameter CNTs and boron nitride nanotubes (BNNTs)
through measurement of a Landau—Squire jet in a scanning
electron microscope (SEM).”> Boya, Geim, and co-workers
observed unexpectedly fast flow in 2D graphene slit pores with
gravimetry measurements performed over the course of hours.”®
Although flow enhancement in CNTs increases dramatically as
the diameter decreases from 100 to 20 nm,”” the monotonic
trend does not generally continue into the single-digit regime of
nanomaterials, as has been shown by work in CNTs’* and slit
pores.”® Instead, changes in the confining diameter result in
different fluid structures with widely varying transport rates,
even for changes in the diameter on the Angstrom scale. These
experimental studies’>’® represent the state-of-the-art in the
measurement of water dynamics inside well-characterized
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nanofluidic systems, although the work of Bocquet and co-
workers”> was in pores wider than SDNs, and the work of Geim
and co-workers’® was in an array of well-characterized
nanopores rather than in a single nanopore. As shown most
clearly in CNTs,”” flow enhancement depends on both the
dimensions and the chemical nature of the confining channel.
For instance, CNTs show enhanced flow, whereas BNNTs do
not. The very notions of slip flow and flow enhancement have
been questioned recently,”” although these concepts remain in
widespread use as a means of comparing nanofluidic transport
performance and classical theory. Despite these exciting
developments, dynamic experimental measurements inside
isolated SDN systems are scarce, and slip flow inside SDNs
can be considered a knowledge gap in nanofluidics.'” Progress
toward understanding how fluid flow varies with nanopore size
and liquid—solid interfacial properties is crucial for the
engineering of membranes and devices with enhanced flow
performance.

1.2.2. Structures. Confinement of fluids inside SDNs leads
to phases and molecular organizations that are not observed in
the bulk. Fluid—wall interactions and the geometry of the
confinement impose spatial variations in fluid density that
become more pronounced as the pore size shrinks. In the small
end of the SDN range, the constraints become so severe that
molecules assume unusual packing configurations.”® Conse-
quently, the molecular packing density in the SDN range varies
nonmonotonically with pore size.”” This phenomenon has been
observed using density-gradient ultracentrifugation coupled
with optical spectroscopy,”’ as well as by independent
fluorescence®"*” and Raman measurements.*’ Using SDNs to
stabilize unique molecular organizations and phases,””** and to
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Figure 4. Decrease in the dielectric constant of confined water. (A) Three-dimensional rendering of hierarchically layered water between two graphene
surfaces (top) and the influence of such layering on the dielectric permittivity profiles of water according to the Langevin dipole model with dipole
moments (¢) of 1.903 and 4.539 D inside a capacitor channel that is 12 molecular diameters wide (bottom). Reproduced with permission from refs
130 (top) and 131 (bottom), respectively. Copyrights 2013 American Chemical Society and 2018 American Physical Society, respectively. (B)
Schematic illustration of a nanofluidic device fabricated for scanning dielectric microscopy (left), used to perform high-resolution capacitance
measurements of water in confined nanoslits (right). The channels were insulated with hexagonal boron nitride (hBN), with graphite as the ground
electrode. The three-layer assembly covers an opening in a silicon nitride membrane (light brown) that allows the device to fill with water. The atomic
force microscopy tip serves as the top electrode. The topographic capacitance image on the right was obtained by applying an AC tip voltage of 4 Vat 1
kHz. Reproduced with permission from ref 132. Copyright 2018 American Association for the Advancement of Science. (C) Dependence of the
dielectric constant of water confined in the nanoslits on the slit height /. The symbols are the experimental data, and the red curves are the modeled
dielectric constants. The capacitance model (see inset) uses a dielectric constant of 2.1 for interfacial water, and averages the dielectric constant of bulk
and interfacial waters in the channel. Reproduced with permission from ref 132. Copyright 2018 American Association for the Advancement of
Science.

catalyze reactions,”* " has enabled key recent developments in with respect to that of its bulk counterpart to an extent that
nanopore technology. increases with decreasing pore size. The freezing point T} of the
In small enough pores, a regime that is characterized by corresponding liquid can be depressed to an even greater extent,
unique collective properties, molecules assume a single-file due to confinement-induced supercooling, so T, is a better
arrangement.”” There is also growing evidence that a molecule indicator of the true phase boundary, but here we will use the
can adapt its configuration to enter such a tight nanopore.*® two interchangeably. This behavior, which is described by the
Molecular sieving may occur when two species compete for a Gibbs—Thomson equation, is routinely observed in experiments
nanopore that is larger than the molecules, as is discussed later in on pores with large enough diameters.””>”*
this review for the case of n-hexane and cyclohexane in CNTs. As the pore diameter becomes comparable to the size of the
1.2.3. Phase Transitions and Melting-Point Shifts. confined molecules, trends in phase-transition parameters can
Confinement can alter the phase behavior of a fluid in many deviate substantially from such continuum thermodynamic
ways. Phases without a bulk analogue may occur, phase estimates. A strongly nonmonotonic dependence on pore
boundaries can be distorted, the order of a phase transition diameter can exist in this size realm, because the details of the
can change, and new traits such as solid/liquid criticality®”~"" confining medium determine the organization of the confined
can emerge. Generally, phase-transition parameters are found to fluid, and potentially the configurations of its molecules. For
depend on the pore diameter. A monotonic dependence on the example, it has been predicted that the maximization of the
pore diameter is expected for pores with large enough diameters. number of hydrogen bonds causes confined water to form exotic
For example, the melting point T, of a substance is depressed ice phases in slit pores’”* and cylindrical pores.”” Con-
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Figure S. Factors influencing ion transport and permeability in SDNs. (A) Schematic illustration of solutes permeating SDNs from a high-
concentration reservoir (left) to a low-concentration reservoir (right) due to (1) the net external driving force across the cell (AFy,,), which is based
on a chemical potential difference in this case; (2) the ability to partition into the nanochannels; and (3) the net impact on solute diffusivity by
hindrance forces (Fy) or enhancement forces (Fy) experienced inside the nanochannels. Schematic illustrations of elementary interactions that
influence the ability of a solute to (B) partition into and (C) diffuse across SDNs. Mechanisms that can impede or enhance a solute partitioning from
bulk water to an extremely confined environment include (i) steric hindrance imposed by solute size and shape; (ii) electrostatic repulsion; (iii)
dielectric effects, such as partial dehydration; and (iv) van der Waals (vdW) forces. Mechanisms that can influence the rate of solute diffusion include
(v) frictional forces, which can be experienced due to physical collisions with the inner walls of the nanochannel; and (vi) viscous forces from the
formation and breakage of bonds between the solute and nanochannel wall. Reproduced with permission from ref 33. Copyright 2020 Springer Nature.
(D) 3D rendering (top) and the energetic penalty (bottom) of a fluoride ion dehydrating from bulk water into an SDN as a function of the distance Z
from the pore entrance. Data (bottom) taken and adapted from ref 14S. Copyright 2012 John Wiley & Sons.

sequently, the melting point of water in CNTs has been
proposed to show a strongly nonmonotonic dependence on
CNT diameter.”> Although early studies on such systems
observed non-Gibbs—Thomson behavior, with evidence for ice-
like phases above room temperature, the distribution of CNT
diameters in the samples studied obscured the fine details of the
behavior.”””” Recent experiments on individual CNTs have
revealed a strongly nonmonotonic dependence of the apparent
T;on diameter (Figure 3A).>”® Strano and co-workers reported
values for an effective T; between —30 and 140 °C for CNTs
with diameters between 1.05 and 1.52 nm.’ Experimental
methods capable of resolving the nuanced pore-diameter
dependence of confined fluid phase behavior remain scarce at
present, but are required to advance our understanding of this
phenomenon.

Simulations suggest that the liquid/solid transition of water in
CNTs is either first-order or continuous, depending on the pore
diameter and the external pressure.”””* In some CNTs, water is
even predicted to display solid—liquid criticality, i.e., indis-
tinguishability between solid and liquid phases.*””" In addition
to these drastic deviations from bulk behavior, phenomena that
are more subtle can be encountered. For example, Ma and co-
workers observed continuous changes in the photoluminescence
spectrum of narrow CNT's containing a single-file chain of water
molecules (Figure 3B). This behavior was interpreted to be
indicative of quasiphase transitions, i.e., transitions between
different states of average relative orientation of water dipole
moments in the chain.”” The broadened nature of these
transitions can be understood to be a consequence of finite-size
effects, as phase transitions are infinitely sharp only for systems
in the thermodynamic limit." %’ The extent to which fluids in the
narrowest SDNs may or may not be considered to be in this limit
is an interesting topic for further study.
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1.2.4. Changes in the Local Dielectric Constant. The
polarizability of a solvent describes the response to an external
electric field, and is often quantified by the solvent’s permittivity
(i.e., dielectric constant) relative to vacuum (&,). The dielectric
response determines the strength of solvent-mediated inter-
molecular forces.'”’ Given that solvents such as water are
ubiquitous in fluidic systems, the electric polarizability of
solvents has vast implications for phenomena such as macro-
molecular interactions and dynamics,ﬂoz_104 ion solvation,'%*
and confined transport.”'°*'%” A host of theoretical treatments
have been pursued to understand these phenomena in aqueous
media,'*>'°® often assuming a bulk dielectric constant for water.
Although this assumption is often reasonable for macroscopic
processes, recent simulations and experimental findings have
shown that the assumption can break down for interfacial
processes and reactions.' % ~""?

Reorientation and inductive polarization effects from the
hierarchical layering of water at an interface greatly reduce the
effective radial dielectric constant,"®~'"3 resulting in “electri-
cally dead water.” This layering is common to many materials
surfaces, and can also be induced by the electric fields close to a
charged surface,""*™"'° by surface hydrogen bonding,''* or by
confinement effects.''” As such, interfacial water molecules
exhibit electric properties that can be drastically different from
those of their bulk counterparts (Figure 4A)."'® This
phenomenon that has captured the interest of researchers for
decades."'*~"* Interest in such dielectric phenomena has only
increased in recent years, as novel transport and reaction
phenomena continue to be discovered in nanofluidic
systems, ™' **'*712V122 in which the extremely large surface-to-
volume ratio accentuates the influence of interfacial water
molecules.” ' *1**
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Previous experimental insights into confinement-induced
dielectric phenomena came from broadband dielectric spec-
troscopy studies of nanoporous crystals,'** zeolite powders,'*°
and polymeric membranes,'””'*® among other materials.
Capacitance measurements on these large nanofluidic systems
demonstrated a roughly order-of-magnitude decrease in the
local dielectric constant of confined water. More recently, solid-
state nanofluidic devices have enabled the precise measurement
of the local Ipermittivity via scanning dielectric microscopy
(Figure 4B)."”” In this study, the average radial dielectric
constant of the water-filled nanochannels scaled from ~80 to 2.1
as the water film thickness decreased from roughly 100 to 1 nm
(Figure 4C)."””” The lowest dielectric constant presumably
represents the permittivity of interfacial water. Notably, the
change in the average permittivity of the water film was ascribed
to the change in the fraction of interfacial water molecules
compared to the total amount of water in the channel. This
fraction approaches unity as the channel becomes sufficiently
small, in which case all water molecules interact with the surface.
This notion remains uncertain, however, as previous simulations
have demonstrated that surfaces can regulate dipolar fluctua-
tions, and thus the dielectric constant of water, at up to tens of
nanometers of separation.*” Nonetheless, confinement-in-
duced dielectric phenomena present interesting challenges for
classical theories of intermolecular interactions in confined
aqueous environments, as well as exciting opportunities for
improving our understanding of nanofluidic transport and
reactions.

1.2.5. lon Permeability. Ion transport in nanofluidic
systems has been studied extensively,”'**7'*° as this
phenomenon is central to a wide array of fundamental biological
and engineering processes. At its core, ion transport can be
broken down into three factors (Figure SA). First, an external
force (AF) is necessary to drive transport. For ions, transport is
generally driven by an electrochemical potential gradient across
the nanochannel. Advective forces associated with solvent
movement can also drive ion transport. However, advection is
usually minimal in SDNs."*” Second, the concentration of ions
in the external solution determines the ability of ions to partition
into the confined environment (Figure SB). Third, a number of
intrapore diffusion forces act on the ions to alter their mobility
(Figure 5C)."*® The second and third factors can generally be
represented by the ion-partition coefficient (K;) and the
hindered/enhanced diffusivity (D), respectively, the product
of which defines the intrinsic ionic permeability (P,) in the
nanochannel."** The total ion flux (J,) across the length of the
nanochannel (L) is then defined as J; = P; AF/L.

In channels that are tens of nm in diameter, the vast majority
of the solvent remains bulk-like,"!”****3%'*° and jon inter-
actions with the channel walls and channel entrance are minimal.
Thus, the ionic concentration and mobility in such large
channels are similar to those in the bulk solution. In the SDN
range, however, interactions with the nanochannel become
prominent, and substantial changes in the ionic permeability
may occur.'”"?” Collectively, entrance/exit and intrapore
diffusion interactions govern ion transport within such nano-
channels. The relative importance of these two types of
interactions varies from system to system, and is dependent
upon factors such as the size and chemistry of both the
nanochannel and the ion.

The concentration of ions in SDNs usually differs from that in
the corresponding bulk solution. This phenomenon is, in large
part, a result of electrostatic interactions involving the charge
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and solvation of an ion."”>"*"'** Entry into strong confinement
usually necessitates deformation of, or partial to complete
shedding of, an ion’s solvation shell (Figure SD), a phenomenon
that is termed dehydration. Simulations suggest that significant
energetic penalties are experienced when an ion dehydrates to
enter a confined environment (Figure SD).!371ee Pairing of
these insights with recent experimental evidence'”'*’~'* has
led to the increasingly accepted picture that dehydration is a
governing mechanism for ion transport that is akin to the
behavior of ion-selective biological channels.”*”">" Although
dehydration likely plays a universal role in ion transport, SDNs
with significant ion—wall interactions tend to exhibit diffusion-
limited transport.'**'*>'>* However, there have been reports of
anomalous ion transport in hydrophilic SDNs, in which ion
diffusivity is enhanced rather than hindered.>* This behavior
was attributed to the existence of highly ordered water within the
nanochannels, and is one of many examples that highlight the
substantial knowledge gaps in our understanding of ion
transport under extreme confinement.'”

2. EXPERIMENTAL PLATFORMS

In this section, we review model SDN systems and character-
ization tools that enable quantitative studies in nanofluidics.
Later sections focus on emerging phenomena at the nanoscale
and on effects of confinement. Although many SDNs have only
recently become accessible experimentally for precision trans-
port measurements, there is a long history of studies on a diverse
array of nanoporous materials with dimensionality ranging from
3D to OD. We will discuss examples of SDNs that can serve as
precision model systems for probing liquids and electrolyte
solutions under confinement. For the characterization techni-
ques, we go beyond those that are currently used for SDNs
exclusively, also reviewing a variety of techniques applicable to
nanomaterials, foreseeing that these techniques or their
variations will be extended to SDNSs in the near future.

2.1. Model Systems

2.1.1. 3D Nanoporous Materials. By convention, the
dimensionality of nanoporous materials is defined as the number
of dimensions that are not constrained to be on the nanoscale.
Thus, a 3D nanoporous material would appear to be an
oxymoron. The term 3D is actually used to denote nanoporous
materials that are composed of pores that are interconnected,
either regularly or randomly, in 2D or 3D networks. This class of
materials can further be broken into the subcategories of
powdered and monolithic materials. Some powdered “3D”
materials are actually 1D within individual grains, but the
random orientations of the grains can make the materials appear
to be 3D as far as many experimental techniques are concerned.
We will therefore discuss such powdered materials within this
subsection as well.

2.1.1.1. (i) Powdered 3D Nanoporous Materials. Powdered
nanoporous materials can be divided further into hard and soft
categories. We will begin by discussing the former of these,
which includes the class of nanoporous material that has been
known and studied for by far the longest: zeolites. The term
zeolite, which means “boiling stone,” was coined in 1756 by A. F.
Cronstedt, who observed that the mineral stilbite exhibits
reversible hydration.'>> There are many naturally occurring
zeolites, such as faujasite, the structure of which'*¢ is shown in
Figure 6A. Many synthetic zeolites have been insEired by these
minerals, such as ZSM-$, the structure of which'”’ is shown in
Figure 6B.
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Figure 6. Representative “hard” 3D nanoporous materials. (A)
Schematic of the microscopic structure of faujasite, a naturally
occurring zeolite. The pore diameter is 7.8 A, and the inner cavity
diameter is 12 A. Reproduced with permission from ref 156. Copyright
2015 American Chemical Society. (B) Schematic of the microscopic
structure of the synthetic zeolite ZSM-S. The channel diameter is on the
order of 5.5 A. Adapted from ref 157. Copyright 2010 Multidisciplinary
Digital Publishing Institute under CC BY 3.0 license (http://
creativecommons.org/licenses/by/3.0/). (C) Schematic of the prep-
aration of MCM-41 mesoporous glass. Reproduced with permission
from ref 158. Copyright 1992 Springer Nature.

There are dozens of types of naturally occurring zeolites, most
of which have cavities that are 15 A or less in diameter and are
separated by channels that are 8 A or less in diameter.'*” The
cavities may be connected in 1D chains or 2D or 3D
networks.'®” Although naturally occurring zeolites have many
uses in apglications such as ion exchange,'®’ selective
adsorption,1 2 and heterogeneous catalysis,m3 the small channel
diameters are also a hindrance to mass transport. Thus, efforts to
create synthetic zeolites, and their analogues, began in the 1840s
and continue to this day.'®* The vast majority of work up to the
last few decades focused on hydrothermal synthesis.'®* This
synthetic method enables somewhat larger pore sizes to be
attained in zeolites and related materials than do other
approaches, but mass transport remains an issue.

The disparity in the dimensions between the channels and
cavities in zeolites limit the use of these materials in fundamental
studies of nanoconfined liquids. From an applications stand-
point, the mass-transport issue has been addressed to some
extent by creating zeolitic materials that also contain mesopores,
but the greater pore-diameter heterogeneity makes these

systems poorly suited for use with most experimental techniques
for studying confined liquids.””” Continued progress in
inorganic materials with open frameworks has helped to drive
further extension of the pore size range attainable in zeolite-like
materials,'®® but has not been a major factor in advancing the
study of nanoconfined liquids to date. Zeolites with tunable size
of the constituent channels can, however, help determine
different methods for ion—ion separation and desalination based
on steric interactions.'®

The templated synthesis of highly uniform nanoporous
materials'**'®” represented a major step forward for the study
of nanoconfined liquids. A notable material in this category is
MCM-41."°%'% As shown in Figure 6C, a surfactant is used to
create a regular hexagonal array of cylindrical micelles. The
addition of tetramethylammonium silicate leads to the
formation of silica walls between the cylinders. Calcination is
used to remove the organic material, leaving a powdered
material composed of highly uniform, cylindrical silica pores.
The use of templates that are more complex enables the creation
of uniform 2D and 3D nanoporous powdered materials.'®”
MCM-41 was also used to probe behavior of liquids at extreme
confinement, as shown for phase changes and dynamics of
nanoconfined acetonitrile.'”’

The past two decades have also seen a revolution in the
synthesis of soft powdered nanoporous materials, which was
spurred by the development of metal—organic frameworks
(MOFs).""%'"! Here we use “soft” to indicate that these classes
of materials have a significant organic content rather than to
denote any specific mechanical properties. Indeed, conventional
MOFs do not, for instance, typically undergo swelling in
solvents, although variants have been developed that do exhibit
such behavior.'””

MOFs are rationally designed materials that are typically
composed of vertices defined by metal atoms that are
interconnected by rigid organic molecules through metal—
oxygen—carbon bridges. The structure of a representative
example, [Cus(benzene-1,3,5-tricarboxylate),(H,0);],, is
shown in Figure 7A.'” This particular material has cubic
symmetry, featuring pores with a diameter on the order of 10 A.
One of the great advantages of such materials is that the pore size
and topology can be controlled via the geometry around the
metal centers and the length of the organic linkers. Although a
major focus of applications of MOFs has been on gas adsorption,
these materials can also be of great value in the understanding of
confined liquids. There has been a growing interest in applying
MOFs as nanofluidic systems. MOFs with sub-1 nm pore

Figure 7. Representative “soft” 3D SDN materials. (A) Schematic of the structure of [ Cuy(benzene-1,3,5-tricarboxylate),(H,0)5],. The pore diameter
is 10 A. Reproduced with permission from ref 173. Copyright 1999 American Association for the Advancement of Science. (B) Schematic of a covalent
organic framework created via the condensation of 4,4’-diphenylbutadiynebis(boronic acid) with 2,3,6,7,10,11-hexahydroxytriphenylene. Adapted
from ref 178. Copyright 2011 American Chemical Society. (C) Schematic of a 3D DNA lattice. The pore diameter is on the order of 17 A. Adapted

from ref 179. Copyright 2004 Elsevier.
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Figure 8. Methods for synthesizing nanoporous polymer membranes. (A) Schematic diagram of phase inversion by nonsolvent-induced phase
separation to form asymmetric membranes. A solution consisting of polymer, solvent, and desired additives is cast onto a solid support to form a thin
film (top). The film is then immersed in a nonsolvent to induce phase separation, leaving behind a solid membrane matrix (bottom). (B) Schematic
diagram of interfacial polymerization to form thin-film composite membranes. A porous support embedded with an aqueous diamine solution is placed
in contact with a nonaqueous organic solution containing trimesoyl chloride. The amine group diffuses to the water—organic interface (left), reacting
with trimesoyl chloride to form a dense polyamide film with a ridge-and-valley structure (right). (C) Schematic illustration of nanoporous thin films
formed via mLbL deposition. Dissolved reactants are deposited, dried, and rinsed sequentially for the desired number of cycles for controlled film
growth. (D) Schematic representation of a cylinder-forming, diblock, copolymer thin film and the corresponding nanoporous thin film (green)
obtained after selectively etching the minority microphase domains (purple) (top). This nanoporous film can be used to form a selective composite
membrane with a porous support (bottom). (A,B) Reproduced with permission from ref 9. Copyright 2016 Springer Nature. (C) Reproduced with
permission from ref 195. Copyright 2013 John Wiley & Sons. (D) Adapted from ref 196. Copyright 2010 American Chemical Society.

diameters have been used as a template to study fast conduction
of fluoride ions'”* and alkali metal ions,””> and for the
preparation of other ion selective membranes.'”® Ton selectivity
of these materials also led to the design of MOF-based osmotic
power generation systems.177

MOFs spurred the development of several other rationally
designed nanoporous materials, given the realization that the
vertices need not be inorganic. The most important class of these
materials is covalent organic frameworks (COFs)."*" The
vertices in COFs are purely organic, allowing for more
conformational flexibility than in MOFs. A representative
COF structure is shown in Figure 7B."”® This particular material
has a pore diameter of 47 A, illustrating the flexibility offered by
the judicious choice of linkers. The majority of applications of
COFs remain in the adsorption of gases, but the ability to create
pores with larger diameters offers new opportunities for the
study of nanoconfined liquids as well. COFs have already been
shown to be promising materials for probing ionic conduction at
the nanoscale'®' and in separation systems.'**

An alternative strategy for the creation of regular, soft
nanoporous materials is the self-assembly of DNA, as shown in
Figure 7C."”” The pore size and geometry in such materials can
be programmed by the DNA sequence. These materials are
suited for studies of the properties of nanoconfined aqueous
mixtures that leave the pore structure intact.

2.1.1.2. (ii) Monolithic 3D Nanoporous Materials. Pow-
dered nanoporous materials are well suited for some types of
studies of nanoconfined liquids, but do not work well for others.
Monolithic nanoporous materials, which are typically composed
of silicate glasses, are well suited for performing studies using
techniques such as optical spectroscopies, scattering, and

2747

dilatometry. The external surface area (ie. the surface area
not related to the pores) is orders of magnitude smaller for
monolithic materials than for powders, which can greatly
simplify the interpretation of experimental results. Furthermore,
although powdered materials cannot be converted into uniform
monoliths, monolithic materials can easily be converted to
powders. On the other hand, the pores of typical monolithic
materials are neither completely uniform nor entirely mono-
disperse, which creates a different set of experimental challenges.

There are two main classes of monolithic nanoporous glasses:
reconstructed glasses'®> and sol—gel glasses."** Reconstructed
glasses, the most common of which is known by the trade name
Vycor, are based on the discovery that soft alkali borosilicate
glasses, when heated above their annealing point but below their
deformation temperature, undergo spinodal decomposition into
one phase that contains the alkali and borate and a second phase
that is predominantly silica."*> The former phase can be etched
away using acid, leaving the silica phase. The resultant
nanoporous glass can then be fired to lock in its structure.

A typical Viycor glass sample has a porosity on the order of
289%, with an average pore diameter of 50 A.'®’ Different pore
sizes can be obtained by varying the details of the heat
treatment.'*® The pore diameter distribution is generally within
+10% of the average.'®® Because the pores are created by
etching of the borate-rich phase, the void space is intercon-
nected, and can therefore be filled with liquid. The fact that the
pores are much smaller than the wavelength of visible light
means that a piece of clean Vycor has high optical quality and is
generally indistinguishable from a piece of solid glass. Vycor can
also be polished to optical flatness if desired. Vycor has long
been used as a model system to understand the structure of
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Figure 9. Porous structures of polymer membranes. (A) Illustration of phase inversion asymmetric membrane (top). SEM cross-sectional (middle)
and topographic (bottom) images of a phase-inversion, asymmetric membrane (bottom). (B) Schematic of a thin-film composite membrane formed
via interfacial polymerization (top). TEM cross-sectional (middle), and SEM topographic (bottom) images of a hand-cast polyamide thin film
composite membrane. The SEM image is at a 45° viewing angle. (C) Illustration of a nanoporous thin film composite membrane formed via molecular,
layer-by-layer (mLbL) deposition (top). TEM cross-sectional (middle) and SEM topographical (bottom) images of a 15-layer mLbL polyamide
membrane. (D) Representative images of a cylindrical microstructure used in the fabrication of nanoporous membranes from block polymer templates
(top). SEM cross-sectional (middle) and topographic (bottom) images of membranes fabricated using polyisoprene-b-polystyrene-b-poly(4-
vinylpyridine) triblock polymers. (E) Representative image of a gyroid microstructure used in the fabrication of nanoporous membranes from block
copolymer templates (top). SEM cross-sectional (middle) and topographic (bottom) images of membranes fabricated using a 1,2-PB-b-PDMS block
copolymer precursor. (A—C) Illustrations are adapted from ref 200. Copyright 2022 American Association for the Advancement of Science. (A)
Middle panel adapted from ref 201. Copyright 2011 Elsevier. Bottom panel adapted from ref 29. Copyright 2016 American Chemical Society. (B)
Middle panel adapted from ref 202. Copyright 2015 American Chemical Society. Bottom panel adapted from ref 203. Copyright 2015 American
Chemical Society. (C) Middle and bottom panels adapted from ref 195. Copyright 2013 John Wiley & Sons. (D,E) Illustrations adapted from ref 204.
Copyright 2015 John Wiley & Sons. (D) Middle and bottom panels adapted from ref 20S. Copyright 2014 Elsevier. (E) Middle and bottom panels
adapted from ref 206. Copyright 2011 American Chemical Society.

water in nanoconfinement. One interesting finding is that the of other elements. Maintaining high optical quality relies upon
nanoconfinement-induced decrease in the number of hydrogen the initial condensation process occurring in a controlled
bonds per molecule compared to the bulk water.'®” In another manner, which presents a limitation for elements with highly
study, Vycor was used to understand the step-like process of labile alkoxides. A potential disadvantage of sol—gel monoliths
water freezing and the existence of pronounced dynamical for applications in polarization sensitive optical spectroscopies is
heterogeneity of nanoconfined water.'®* strain birefringence, which is nearly impossible to avoid. That
Sol—gel glasses are created via wet chemistry. The first step in being said, it is generally possible to identify regions that are free
the process is generally a relatively rapid acid- or base-catalyzed of strain birefringence, particularly for the application of optical
hydrolysis of an alkoxy precursor, such as tetraethylorthosilicate spectroscopies that depend upon transmission of a coherent
(TEOS)."® The product of the hydrolysis (silicic acid, in the beam, as opposed to scattering.
case of TEOS) undergoes condensation to form relatively 2.1.1.3. (iii) Polymer Membranes. Polymer membranes
uniform, spherical sol particles. The sol particle diameter can be provide a multipore platform for studying thermodynamics
controlled, via the conditions during the condensation, to be and the kinetics of mass transport under confinement. The pore
anywhere from a few nanometers to a micrometer or more. After diameters of polymer membranes can range from ~0.2 nm to
this stage, a slow gelation process is initiated, often by a change over 100 nm.””"”*'?" The highly tunable nature of polymeric
in pH. During gelation, the sol particles slowly cross-link and materials allows for the study of confined transport under
reform, eventually creating a tortuous network of roughly designed chemical and steric environments. Polyamide and
cylindrical pores. The solvent is gradually evaporated during this cellulosic materials have been the most studied polymeric
stage, usually over the course of a month or more. The resultant membrane materials, due to the widespread usage of these
materials can then be fired in a furnace to create xerogel polymers in desalination and water-purification processes.'**"'*>
monoliths with a porosity as high as 50% or more. The pore sizes However, nanoporous membranes can be synthesized with a
of sol—gel monoliths are more readily controlled than those of broad range of polymer chemistries.'"”* Here, we classify
reconstructed glasses. The pore diameter is determined by the polymer membranes by the method used for their synthesis:
gelation conditions and can range from 20 A or less to 100 A or phase inversion (Figure 8A), interfacial polymerization (Figure
more. The width of the pore-diameter distribution in sol—gel 8B), molecular, layer-by-layer (mLbL) deposition (Figure 8C),
glasses that have been made carefully is similar to that of Vycor, or self-assembly (Figure 8D). These synthetic approaches result
i.e., on the order of +10%. in distinct porous structures that range from discrete and
As is the case for reconstructed glasses, sol—gel monoliths ordered pores to free-volume voids, each of which has its own
with small enough pores look indistinguishable from solid glass, advantages and disadvantages.
and can be polished to optical flatness. Although the sol—gel Phase-inversion membranes are fabricated via controlled
glasses that have been used to study confined liquids are most precipitation of a thin film from a dissolved polymer.'””'"*
often silicates, sol—gel precursors can involve any of a wide range There are a number of techniques that are used to create phase-
2748 https://doi.org/10.1021/acs.chemrev.2c00155
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inversion membranes, but nonsolvent-induced phase separation,
or “immersion precipitation,” is the most common approach.
Phase inversion can produce membranes with asymmetric
structures that have a thin, selective, nanoporous outer layer and
a microporous underlying structure (Figure 9A). The
membrane morphology is dictated by the nature of the solvent
and nonsolvent, and the type and concentration of the
polymer.'”® Cellulose acetate is a commonly used for phase
inversion.”>'”? The primary benefit of phase-inversion
membranes for studying confined transport is chemical
continuity. In other words, the chemistry of the polymer in
the nanoporous selective layer is the same as that of the
underlying microporous support structure, making chemical
interactions more predictable. Conversely, the gradual transition
from small to large pores in phase-inversion membranes results
in polydisperse steric environments. Discerning the pore-size
distribution and the diffusion length is consequently difficult.”*’

Ultrathin polymer films can be formed via the polymerization
of reactive monomers at the interface between two immiscible
solvents.'”” This technique is most frequently employed to form
polyamide membranes, with a diamine and acyl chloride as the
reactants. By polymerizing directly above a porous support layer,
which imparts mechanical integrity, a thin-film composite
structure is formed (Figure 9B). Depending on the exact
monomers used, these polymer membranes can have distinct
diffusion thicknesses that can be characterized by transmission
electron microscopy (TEM).'*”*”” The small thickness of the
selective layer relative to the support layer can complicate the
characterization of the nanopores. Isolating the selective layer by
dissolving the support layer in a polar solvent enables more
precise characterization of the selective layer’s molecular
structure.'”**® For example, electron tomography and wide-
angle X-ray scattering can be used to capture the density
distribution and orientation of an isolated selective layer’s
polymer network, respectively.”””*' Solvent-induced isolation
of the selective layer can, however, modify the polymer network,
sometimes producing undesired effects.”'*”"'* A critical
disadvantage for studying confined transport in films formed
via interfacial polymerization is physical and chemical
heterogeneity,”*”*'**'* which lead to spatial heterogeneity
in transport.

Nanoporous mLbL films are formed by the deposition of
molecular layers through the reaction of alternating pendant
functional groups (Figure 9C).”"> Polyamide is the most widely
used polymer for thin mLbL films. However, the use of other
polymers, such as polyurea and polyimide,*'®*'” has also been
explored. To avoid defect formation, nonporous substrates are
typically used as the support layer when depositing mLbL thin
films.”'>*'® Polymer thin films formed via mLbL deposition
were designed to overcome the limitations discussed above for
conventional interfacial polymerization membranes.'”>*" Films
prepared via mLbL methods boast chemical homogeneity,*"”
and their thickness, topology, and local chemical composition
are controllable at monomer length scales.'” Additionally,
mLbL deposition is not limited to specific solvents, thus
broadening the chemistries that can be integrated into the
nanoporous film.”****" The primary disadvantages of using
mLbL films to study nanofluidics are the need for automation of
the synthesis to obtain practical film thicknesses,”'® and the
formation of defects'”> when depositing on a porous substrate
for filtration experiments. The latter issue can be resolved by
using an ultrathin interlayer atop the porous support to prevent
unwanted penetration of reactive monomers, 5 or can be

2749

avoided altogether by measuring transport in the mLbL film
atop a nonporous support with a load relaxation test, such as
poroelastic relaxation indentation.”*”

Polymer membranes can also be fabricated via molecular self-
assembly, in which chemically distinct molecular segments
partition into thermodynamically defined microphases (Figure
9D,E). A wide range of microphase patterns™*® can be used to
dictate the nanoporous structure of these films, with hexagonally
packed cylindrical and bicontinuous gyroid morphologies being
the most relevant.””* Reactive small molecules”* and block
copolymers'*>*** are the two predominant classes of self-
assembly materials for polymer membranes. Typically, discrete
pores are formed by the selective removal or shrinkage of
material from the self-assembled structures.” The properties of
self-assembled polymer membranes can be tuned pre-
cisely.'”*** In contrast to kinetically dictated processes such
as phase inversion or interfacial polymerization, equilibrium-
driven self-assembly can produce nearly uniform pore diameter
distributions.”** Although self-assembled films offer molecular-
level control of the nanoporous environment, the requirement
for thermodynamic stability limits the structures that can be
created and the chemistries that can be employed.’

2.1.1.4. (iv) Single Nanopores in Polymer and Solid-State
Films. The porous systems discussed above feature high
porosity. Membranes that that contain a single nanopore have
also been created.”**~** Such single-nanopore membranes are
ideal for exploring structure—function relationships, because the
transport properties measured can be correlated directly to a
single nanopore of known geometry and chemistry. Polymer
films were one of the first templates used to create single-
nanopore membranes. Single-polymer nanopore membranes
have been prepared using the track-etching technique, in which
irradiation with individual, energetic heavy ions (~2 GeV of
total kinetic energy) is followed by wet chemical etching.”****'
The process of etching defines the nanopore geometry, and
cylindrical, conical, double-conical, and cigar-shaped nanopores
can be prepared.””” *>* We note that the same approach of
using energetic, heavy ions can also be applied to the preparation
of membranes containing up to ~10° pores per cm? leading to
porosities that are orders of magnitude lower than that of the
polymer membranes described above. The fabrication of
polymer membranes with ogenings as small as 1 nm has
recently been demonstrated.””® The track—etching technique is
also applicable to preparing nanopores in mica,”** glass,”>” and
silicon nitride.”

One of the most frequently used methods of preparing single
nanopores is drilling using TEM**’ or a focused ion beam
(FIB).”** The advantages of these fabrication tools are the
abilities to image the nanopores during fabrication and to probe
the nanopores’ topography using electron tomography.”*' TEM
and FIB have been used to prepare single nanopores in silicon
nitride, graphene, and MoS, >*”***** Another advantage of
these fabrication approaches is the ability to drill nanopores in
desired locations, and even to preparate nanopore arrays, as can
be accomplished using helium-ion-microscope milling. Nano-
pores with opening diameters down to ~1 nm have been
reported. The exquisite control of pore openings with sub-1 nm
precision has been demonstrated in 2D materials, such as
through the electrochemical removal of individual atoms in
MoS, films,”** and by inducing defect nucleation centers in
graphene.”*

Recently, an inexpensive method of single nanopore
fabrication has been developed based on dielectric breakdown
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of silicon nitride films under the influence of high electric
fields.”*® This method does not require access to large-scale
facilities, and was proposed as an outreach experiment to
introduce the concept of nanopores to the general public.”*’

2.1.2. 2D Slits and Channels. 2.1.2.1. (i) 2D Silica
Channels. Modern nanofabrication methods enable the
creation of nanofluidic channels of well-defined geometries.
The planar character makes these nanofluidic channels an
attractive alternative to nanopores when access to the interior of
the channel is required, for instance, for imaging, or for
electrochemical characterization and gating. Several fabrication
strategies have been explored to fabricate channels in silica. For
example, Cao et al.”** used nanoimprint lithography and
nonuniform SiO, sputtering deposition to fabricate nano-
channels with widths as small as 10 nm, although the cross
sections of these channels were not uniform at the smallest
scales. Mao and Han*’ were able to create 20-nm channels by
reactive jon etching or a wet etching of silicon or glass, followed
by sealing the channels with another glass surface using fusion
bonding or an anodic bonding process (Figure 10). Stein et
al.** fabricated 70-nm-high channels using a simple, timed-etch
process, providing a versatile system in which to study surface
charge modifications.

Figure 10. Nanofluidic channels formed by etching glass or silicon,
followed by bonding with another flat surface. Adapted from ref 249.
Copyright 2005 Royal Society of Chemistry.

Silica channels can also be prepared through sacrificial-layer
approaches,”" although initial attempts suffered from channel
collapse from residual stress and from capillary forces during the
drying process. Those initial obstacles were solved by a “bond-
followed-by-etch” process that, in addition, facilitates integra-
tion of the device with gate electrodes (Figure 11).%* Sacrificial
Cr strips are first deposited on a SiO, substrate, and then are
covered by another SiO, layer. At this stage of the fabrication
process, gate electrodes are introduced to enable additional
control of ion and fluid flow (Figure 11). After bonding the
device with a microfluidic polydimethylsiloxane (PDMS) stamp,
the Cr strips are etched away, exposing nanofluidic channels
with a height that can be as little as a few nanometers.

Nanofluidic channels with heights as small as 2 nm have been
prepared using precision reactive ion etching through standard
semiconductor manufacturing processes (Figure 12).”>* At this
length scale, steric forces (such as hydration forces in water) and
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Figure 11. Solid-state nanofluidic channels fabricated by a “bond-
followed-by-etch” processing. (A) Top view of a nanofluidic system
consisting of multiple nanofluidic channels showing fluid inputs and
outputs (cis and trans). The “dots” on these regions are posts that
support the overlying PDMS and prevent it from collapsing. The
nanochannels lie under the gates. Note that multiple gate structures can
be employed. (B) A schematic cross-section of the device indicating the
nanofluidic channels and the gates. Adapted from ref 252. Copyright
2011 Springer Nature.

van der Waals forces can become important. As discussed below,
the interplay among these multiple interactions in this size
regime has been shown to give rise to new transport properties
such as increased ionic mobility.

2.1.2.2. (ii) 2D Pores with Stacked Slits. The development of
experimental techniques for the exfoliation of monocrystalline
graphene™* effectively launched the field of experimental, 2D
crystal materials science. One of the numerous examples of 2D
crystal research developed over the years is van der Waals (vdW)
heterostructures (Figure 13A).255_257 These heterostructures
are formed by stacking 2D crystals atop one another and
allowing the vdW forces between adjacent crystals to hold the
stack together. The original purpose of forming such
heterostructures was the precision tailoring and synthesis of
artificial materials that may exhibit properties that differ from
those of the isolated 2D crystals. This initial work inspired the
design of novel devices, including atomically smooth, 2D
nanofluidic channels.”®

Like many other nanofluidic devices, 2D nanochannels
formed by vdW stacking (Figure 13B) require a mechanical
support (e.g, silicon nitridle membrane) for assembly. A
rectangular hole is etched in the support, and then sealed with
a thick “bottom” crystal (10 to 50 nm) via dry transfer
techniques,”® which are also used during the fabrication of
precise 2D nanopores.”™ A “spacer” crystal, which defines the
nanochannel height, is prepared by micromechanical cleav-
age”* on a separate silicon wafer. The height of the spacer
crystal depends on the number of monolayers of which the
spacer is composed. As such, the height of the spacer can be
tuned to the atomic height of the monolayer, which, for example,
is 0.34 nm for graphene. The spacer crystal is then patterned by
lithographic and etching techniques to create an array of
equispaced parallel strips (i.e., channels) prior to transferring
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Figure 12. (A) Schematic of a nanofluidic system with 2-nm-high channels and four reservoirs. The top layer is a transparent Pyrex die and the bottom
layer is a silicon die. (B) Bonded 2-nm nanochannel device with a Pyrex substrate on top. The channels are 1 cm long, S00 ym wide, and 60 ym deep,
and the reservoirs are 2 mm X 2 mm through-holes. The color of the channels arises from the underlying, S00-nm-thick, thermal oxide layer. (C)
Schematic of three nanochannels. (D) AFM image of three nanochannels after surface oxidation. Each device consists of ten 140-ym-long, 2-um-wide,
and 2-nm-deep silica nanochannels. (E) Cross-sectional analysis of the AFM image. The wafer and channel wall exhibit the same surface roughness (R,

~ 0.2 nm). Adapted from ref 253. Copyright 2010 Springer Nature.

onto the bottom crystal of the device. The device is then etched
from the bottom, using the rectangular hole of the silicon nitride
membrane as a mask, and is subsequently sealed with a thick
(150 to 200 nm) “top” crystal. The resulting device (Figure
13C) can be used for precise studies of confined mass-transfer
phenomena (Figure 13D).

Recent work on these vdW-assembled nanochannels has
aimed at improving the success rate and reliability of the
devices,' 7129147260261 A few notable improvements are (i)
brief exposure of the bottom crystal to an oxygen plasma to
ensure atomic smoothness;”®" (ii) etching channel extremities
after depositing a gold cap to prevent the top crystal from
blocking the nanochannels at the edges;'*” and (jii) increased
top crystal thickness to prevent sagging into the nano-
channels.'”” These developments enabled vdW-assembled
nanofluidic devices to attain confinement at the single-atom
level (0.34 nm), which was originally not thought to be
possible.”®

Nanofluidic devices formed by vdW assembly offer a variety of
benefits over conventional 2D nanochannels. The most
noteworthy advantage is atomic-scale tunability (Figure 14A).
In contrast to the single-atom-level confinement achievable by
vdW assembly, conventional 2D nanochannels are limited to
channel openings of ~2 nm due to surface roughness limitations
inherent in the deposition step.'>* Furthermore, vdW-
assembled devices are promising platforms for studying
nanofluidic transport across emerging materials, as the field
has witnessed the synthesis of over a dozen new types of 2D
crystals in the last 15 years.”*® Uniform channels with precise
geometries enable the isolation of variables and transport
phenomena that are often obscured in more complex and
heterogeneous systems, such as 2D lamellar membranes, which
possess nonuniform interlayer spacings and alignments, and are
often pla§ued by macroscopic defects (Figure 14B—
D).172’262_ % The absence of irregularities, such as defects,
also enables the development of realistic simulations to
complement and interpret experiments (Figure 14E).

2.1.3. 1D Materials Platforms. 2.1.3.1. (i) Carbon
Nanotubes. CNTs are 1D systems with precisely defined
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nanopores. CNTs can be single-walled, double-walled, or
multiwalled (>2 walls),”**"*® but their pore sizes and transport
properties are mainly governed by the innermost tube, which
generally behaves in this context as a single-walled CNT
(SWCNT). For this reason, when discussing the transport
properties in this review, we will refer to CNTs by the diameter
of the innermost tube, unless stated otherwise.

SWCNTs offer unique opportunities for probing molecules
and ions under confinement. A single-walled CNT can be
viewed as a graphene sheet rolled up along a chiral vector,
described by C = @, + m@, = (n, m), in which @, and @, are
the lattice unit vectors of the graphene sheet (Figure 15A). As a
result of this graphitic structure, CNTs are relatively chemically
inert and exhibit excellent mechanical properties, with a Young’s
modulus on the TPa scale.”” Additionally, SWCNTs feature
atomically smooth channels with a precisely defined pore
diameter, d, that depends on the nanotube chirality (n,m).
Although it was not realized until recently that other effects, such
as pore—molecule interactions,” also play a role in determining
the diameter of a nanopore, we can still provide a useful estimate
of the pore diameter by subtracting the carbon-atom diameter
from the carbon nucleus-to-nucleus diameter of the SWCNT.

_ 3+ +
Thatis,d%—acc i+ 1"+ nm)

Y
carbon bond length and ¢ is the van der Waals diameter of an
sp>-bonded carbon atom, which is 0.335 nm based on the
interlayer spacing in graphite (Figure 15B).

CNTs are typically synthesized as a mixture of different
structures, and thus different pore diameters. However,
separation techniques, including density gradient ultracentrifu-
gation (DGU),””°~*"* gel chromatography,””**”* aqueous two-
phase extraction (ATPE), as well as extraction based on
DNA,*"® polyn1ers,276’277 or small molecules,””*"** have been
developed to sort nanotubes by diameters and types. In a few
cases, it has even been possible to purify single-chirality CNT's
(Figure 15C). The CNT nanopores can be made accessible by
opening the nanotube ends oxidatively. Figure 15D—G shows a
high-resolution TEM image of SWCNT's with a diameter of 0.81
nm, which encapsulate and stabilize the infamously sponta-

— 21, where a___ is the carbon—
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Figure 13. 2D nanofluidic devices fabricated by van der Waals assembly. (A) Schematic of 2D heterostructures formed by vdW assembly, analogous to
stacked Lego blocks (bottom right). Adapted from ref 255. Copyright 2013 Springer Nature. (B) Schematic of the fabrication procedure for forming
2D nanofluidic devices by vdW assembly (left), with accompanying optical images in natural colors (right). Adapted from refs 76 and 17. Copyrights
2016 Springer Nature and 2019 American Association for the Advancement of Science, respectively. (C) 3D schematic rendering of a 2D nanofluidic
device accompanied by a topographic SEM image (top) and a cross-sectional, high-annular, dark-field image of the edge of the channel (right).
Adapted from refs 76 and 17. Copyrights 2016 Springer Nature and 2019 American Association for the Advancement of Science, respectively. (D)
Schematics of devices for precise measurement of mass-transfer phenomena of gases (left), solvents (center), and ions (right). Adapted from refs 76
and 17. Copyrights 2016 Springer Nature and 2019 American Association for the Advancement of Science, respectively.

neously combustible P,.>*!

diameters have also been e

SWCNTs with appropriate pore
loited as nanoscale reactors for
stereoselective synthesis”*>~>** and as porous membranes for
the selective transport of ions™'”***** and gas molecules.”*’
SWCNTs feature unique electronic structures that are
determined by the chirality, and can be classified into three
groups according to Mod (n — m, 3) = 0, 1, and 2. Mod 0
SWCNTs are metallic, with a continuous density of states
(DOS) at the Fermi energy, whereas MOD 1 and MOD 2
SWCNTs are semiconducting, exhibiting chirality-dependent
transition energies between the van Hove singularities (E;). Due
to these energy levels, SWCNTs display photoluminescence
(PL) from the E|, transition when excited by light resonant with
the E,, transition (Figure 15H). Weisman and co-workers have
mapped these transitions for many SWCNTs based on
absorption and photoluminescence spectroscopy, assigning
specific (n,m) structural indices.”****” The peak position of
the E;; transition has been demonstrated to be sensitive to the
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o . 80,290-292
interior nanopore environment.” This property can be

used for detecting encapsulation and transport inside
SWCNTSs.*

In addition to the optical properties that arise from the van
Hove singularities, SWCNT's are also Raman active, and have
been well characterized via Raman spectroscopy (Figure 151).
Similar to graphene, SWCNTs show a signature G* band at
~1591 cm™ and G~ band at ~1518 cm™". These bands arise
from longitudinal (parallel to the nanotube axis) and transverse
(perpendicular to the nanotube axis) sp> carbon displacements,
respectively.””® The incorporation of defects and disorder in the
graphitic structure results in the appearance of the D band at
~1350 cm™, which is induced by the vibrational mode of sp*
hybridized carbons. Strong vibrations are also observed at a
lower frequency, in the so-called radial breathing modes
(RBMs), which correspond to the expansion and contraction
of the CNT.*”* The frequency of the RBM band is correlated to
the CNT diameter, and can provide information about the
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Figure 14. Advantages of 2D nanofluidic devices over 2D lamellar membranes. (A) Ilustration of the A-scale tunability of 2D nanofluidic devices, in
which the channel height can be tuned by adjusting the thickness of the spacer crystal via mechanical cleavage and plasma-etching techniques. (B)
Tllustration of the influence of macroscopic defects and nonuniform crystal alignment on transport across 2D lamellar membranes. Such imperfections
lead to irregular levels of confinement, making it difficult to separate nanoconfined transport phenomena from defect-driven artifacts. Adapted from
refs 264 and 265. Copyrights 2020 American Chemical Society and 2017 Springer Nature, respectively. (C) The presence of macroscopic defects in
randomly deposited 2D nanomaterial layers (left) leads to the formation of interconnected defects or “pinholes” in multilayer lamellar membranes
(middle and right), resulting in low mass-transfer resistance. The purple shaded flakes are based on Monte Carlo simulations of 2D lamellar
membranes, whereas the gray shaded flakes are from topographic SEM imaging of a few-layer 2D lamellar graphene oxide membrane. Adapted from
refs 264 and 265. Copyrights 2020 American Chemical Society and 2017 Springer Nature, respectively. (D) 2D X-ray diffraction (XRD) pattern of a
lamellar MoS, membrane (left) and crystal (right). The membrane shows a meridional arc-like pattern, indicative of a tendency of the nanosheets to
imperfectly align parallel to the surface. Alternatively, the crystal exhibits a shortened belt in the 2D XRD pattern, suggesting large MoS, grains with
near-perfect planar orientations. Adapted from refs 264 and 265. Copyrights 2020 American Chemical Society and 2017 Springer Nature, respectively.
(E) Relationship between the water transport (represented as weight loss rate) and channel height (N) for simulated (gray bars) and experimental 2D
nanofluidic channels (bottom). Experimental 2D nanofluidic data were from vdW-assembled graphene devices. Adapted from ref 76. Copyright 2016
Springer Nature.

endohedral environment. For example, Cambre et al. observed can be confirmed by electron energy-loss spectroscopy (EELS),
trapped water molecules in SWCNTs by comparing the RBM as shown in Figure 16B. BNNTs possess a Young’s modulus of
shifts of water-filled and empty nanotube samples.””> Agrawal et ~1 TPa.””® Additionally, BNNTSs can be composed of multiple

al. subsequently demonstrated the ability to analyze phase nested nanotubes (Figure 16C).””> BNNTSs also have Raman
transitions of water encapsulated inside SWCNTSs via shifts in signatures that can potentially be used to probe the nanopores.
the RBMs.” Raman scattering can thus be used as a tool to detect The Raman signatures include RBMs at 200—700 cm™, which
filling of the nanotube pores. arise from expansion and contraction vibrations similar to those

There are different approaches for using CNT's as nanofluidic of SWCNTs, the sp® hybridized BN bonding mode at 1292
platforms. For example, CNT's in suspension may be filled with cm™!, which is similar to the D band of SWCNTs, and the

the surroundinég solvent and investigated by means of optical counter-phase B—N vibration from the rolled up BN sheet at
spectroscopy” * or analytical density gradient ultracentrifuga- 1366 cm™" (Figure 16D,E). As is the case for CNTs, BNNTs
tion.* Although filling CNTs in suspension enables the feature atomically smooth interior channels. Figure 16F shows a
deduction of the properties of the confined fluid by comparing double-walled BNNT with an inner tube diameter of ~0.9 nm

the response of empty vs filled nanotubes of the same chirality, with a-sexithiophene encapsulated in a single-file manner.>”
this approach is ill-suited for investigations of nanofluidic The major challenge of using BNNTSs lies in their structural
transport. The main platforms currently being used to study heterogeneity, as there is no method that can sort BNNTs by
transport in CNT's are summarized in section 5.2. their specific structure. However, unlike SWCNTs, all BNNTs
2.1.3.2. (ii) Boron Nitride Nanotubes. Like CNTs, BNNTSs are insulators, presenting a contrasting system with distinctly
feature 1D, tubular nanopores. A single-walled BNNT can be different surface interactions and chemistry for studying
viewed as a rolled-up sheet of hexagonal boron nitride (h-BN) confinement effects. Some of these distinctions have been
(Figure 16A). The chemical composition of boron and nitrogen revealed in experiments on individual, albeit large-diameter,
2753 https://doi.org/10.1021/acs.chemrev.2c00155
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chirality (n,m)-SWCNTs that are stabilized by a surfactant and DNA as individualized particles in water. Adapted from ref 275. Copyright 2016
American Chemical Society. (D) High-resolution TEM (HRTEM) image of a SWCNT filled with a string of P, molecules. (E) Noise-filtered HRTEM
image of the region highlighted in D. (F) Simulated HRTEM image. (G) The corresponding atomic structure of P, molecules encapsulated within a
SWCNT. Adapted from ref 281. Copyright 2017 Wiley-VCH. (H) Excitonic transitions of a semiconducting SWCNT and the corresponding
photoluminescence excitation map of a mixture of multiple nanotube chiralities. (I) Raman spectrum of an individual SWCNT. The insets show
further details regarding the narrow RBM peak at 295 cm™ and the splitting of the G band into a G* component at 1,591 cm™" and a G~ component at
1518 cm™. Adapted from ref 297. Copyright 2014 Springer Nature.

BNNTSs, which are used as nanocapillaries.”>*°" Efforts have also hydrophobic tails of the surfactant molecules point outward, and

been made to fabricate BNNT membranes for nanofluidic so the surrounding solvent can be nonpolar, e.g., an alkane. The
) o .

studies. benefit of this situation is that the solvent can be spectroscopi-

2.1.4. OD Nanoporous Materials. In zero-dimensional
(0D) nanoconfinement, there is no external access to a confined
liquid. Accordingly, the majority of approaches to 0D confine-
ment of liquids rely upon self-assembly, and the confining
medium is therefore soft. The most prevalent 0D confining
medium for liquids is reverse micelles.’*>**° Reverse micelles in
some cases can be accessible with spectroscopic tools, which,
when combined with highly tunable size of the micelles, allows
one to probe properties of the confined liquid in great detail.

A conventional micelle is composed of a surfactant bilayer that

cally distinct from the aqueous pool, allowing for a range of
different spectroscopic techniques to be employed to study the
confined liquid.**® The diameter of reverse micelles can range
from a few nanometers to tens of nanometers or more, and is
determined by the ratio of water to surfactant, which is denoted
wy. The diameters of reverse micelles of a specific composition
w, are generally quite monodisperse.

One issue with reverse micelles is that the surfactant head
groups are charged. Thus, not only must the surfactants be

encapsulates an aqueous solution. The surrounding solvent is accompanied by counterions, but the environment inside of a
also aqueous, which makes distinguishing the spectroscopic reverse micelle is also heterogeneous. These factors can
properties of the confined population of water challenging at influence the behavior of the encapsulated liquid, which in
best. As shown in Figure 17, a reverse micelle is composed of a some cases makes it difficult to isolate the effects that
monolayer of surfactant encapsulating an aqueous pool.**® The confinement has on the confined aqueous solution.
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Figure 17. Schematic of a reverse micelle. The nonpolar phase is
typically an alkane solvent, and the core of the micelle is an aqueous
solution. The diameter of the core is controlled via the ratio of water to
surfactant, w,. Adapted from ref 306. Copyright 2009 Annual Reviews.

2.2. Characterization Tools

2.2.1. Calorimetry, from DSC to Scattering to Raman
Spectroscopy. 2.2.1.1. (i) Measuring Thermodynamic
Properties. We begin by considering experimental techniques
that can be used to measure the thermodynamic properties of
nanoconfined liquids. Nanoconfinement can have a profound
effect on a broad range of thermodynamic observables, such as
the heat capacity, the coefficient of thermal expansion, the vapor
pressure, and phase-transition temperatures of a liquid. The
ability to measure changes in these properties can provide
crucial insights into how nanoconfined liquids differ from bulk
liquids, and how these differences affect transport at the
nanoscale.

One classic technique for studying thermal expansion and
phase transitions in nanoconfined liquids is dilatometry. In this
method, the volume of a substance is studied during a dynamic
process, such as a chemical reaction or a temperature change. In
the case of nanoconfined liquids, dilatometry is best suited for
use in monolithic confining media. Providing that expansion or
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contraction can be assumed to be isotropic, it is sufficient to
measure the temperature dependence of a single dimension of a
monolith containing a confined liquid. Some of the earliest
research in this vein of nanoconfined liquids was performed by
Hodgson and McIntosh, who studied the length of Vycor
monoliths filled with water’*”*® and benzene®® as a function of
temperature. As shown in Figure 18A, upon cooling, the length
of a water-saturated Vycor monolith decreased down to a
temperature of approximately —25 °C before increasing. For the
bulk liquid, expansion commences at 4 °C. Thus, confinement in
Vycor leads to a substantial depression of the freezing point of
water. Upon heating from low temperature, the transition from
contraction to expansion occurs at approximately —10 °C. This
hysteresis was found to be reproducible over many heating and
cooling cycles, and was suggested to be evidence that the
confined liquid does not freeze or melt at a single, well-defined
temperature.307

Another readily monitored thermodynamic observable is
vapor pressure. If a nanoconfined liquid freezes at a different
temperature than the corresponding bulk liquid, then confine-
ment must change the vapor pressure of the liquid relative to
that of the bulk. One can alternatively think about this pressure
difference as arising from capillary forces, although these two
viewpoints are not entirely identical. In principle, vapor-pressure
measurements can be made if the nanoconfining medium is
either a powder or a monolith; the very fact that the vapor
pressure of the confined liquid is less than that of the bulk liquid
helps to prevent the presence of liquid between grains. However,
close contacts between grains may confine some liquid as well.
Conversely, if the nanopores are not entirely uniform, the
narrowest portions (bottlenecks) may dominate the vapor
pressure. Monoliths, which have an orders-of-magnitude smaller
exterior surface area than do powders, can be particularly
susceptible to this phenomenon.

A representative set of measurements of the vapor pressure of
benzene inside of a Vycor monolith®®” is shown in Figure 18B.
The hysteresis in vapor pressure between cooling and heating is
often a hallmark of pore bottlenecks. In cooling, the vapor

https://doi.org/10.1021/acs.chemrev.2c00155
Chem. Rev. 2023, 123, 2737-2831


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig17&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/CR

REVIEY

Chemical Reviews
40
A B
10 35
-15
S —
~ -20 £
e £
_y 25 % £
~ =
21, -30 <
-354 =7
o - cooling
-40 ® - warming
-45
-45-40-35-30-25-20-15-10 -5 0 5 360 370 380 390 400 410
T°C 1/T(K) x 10
benzene in 85 A diameter CPG T T T T
1.5 n m
T PSR
0.923 cm U\ c o+e.
%E‘ E— /-n¥ T, (bulk = e
£l T, (pore) \. m o | i
%/ 1.0{0704 7_‘,,/ | S
kel &
o] "
© 0.553 _ S . %
8 | . | &
N 057033 //\\ o | 7
ol T T ®
E A S
o 0.150 EEPZAN °
= ol — - o L tetee
200 220 240 260 280 30C 20 60 80 100

Temperature (K) T (K)

Figure 18. Classic thermodynamic measurements on the phase
transitions of liquids in nanoporous materials. (A) Dilatometry
experiments on water confined in Vycor glass. Adapted from ref 309.
Copyright 1960 Canadian Science Publishing. (B) Vapor-pressure
experiments on benzene confined in Vycor glass. Adapted from ref 309.
Copyright 1960 Canadian Science Publishing. (C) Differential
scanning calorimetry on benzene confined in powdered, controlled-
pore glasses. Adapted from ref 310. Copyright 1990 American Institute
of Physics. (D) Optical absorption as a function of temperature for
oxygen confined in Vycor glass with a 44 A pore diameter. The circles
represent data obtained during cooling and the crosses data obtained
during heating. The dashed vertical lines denote the bulk freezing
transition at 54.4 K and the y—f solid transition at 43.8 K. Adapted from
ref 311. Copyright 1987 American Physical Society.

pressure decrease is dominated by the first regions of the sample
in which the liquid condenses, i.e., bottlenecks. On the other
hand, upon warming, the vapor pressure in a closed system can
be dominated by the confining regions with access to the
exterior that have the highest vapor pressure, i.e., the largest
pores. Thus, vapor-pressure data can give information about the
confining regions in a material with both the highest and lowest
vapor pressures.

Another traditional technique for measuring thermodynamic
properties in nanoconfined liquids is differential scanning
calorimetry (DSC). DSC measures the rate of change of the
heat released by a material upon cooling or the rate of change of
the heat involved in warming. Warming is useful for studying the
melting of confined crystals and glasses,’'® whereas cooling can
be used to study freezing and vitrification.”’> Cooling data may
yield different phase-transition temperatures than do warming
data, because liquids can often supercool more readily in
confinement than in the bulk. The temperature-scan rate can
also play a role in the observed phase-transition temperatures,
particularly in cooling experiments. Indeed, the glass-transition
temperature is itself dependent upon the cooling rate.

Figure 18C shows DSC heating curves for benzene at different
loadings in powdered, controlled-pore silicate glass (a tyge of
reconstructed glass) with an average pore diameter of 85 A.”'% In
this case, the surfaces of the glass were functionalized with a
hydrophobic monolayer to facilitate filling of the sample with the
liquid. It is evident from these data that benzene melts at a
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considerably lower temperature in nanopores than in the bulk.
There is clearly an excess of liquid at the highest loadings,
resulting in a second melting peak that arises from the
unconfined benzene.

As discussed above, monolithic confining materials enable the
use of spectroscopic techniques that would be impossible to use
in powders. An example of such a spectroscopic application is
shown in Figure 18D.*"" In this experiment, liquid oxygen was
confined in a Vycor monolith with an average pore diameter of
44 A. Optical absorption was used to monitor the confined
oxygen, as there is known to be a significant increase in the
optical density upon freezing of this liquid. The circles in this
figure denote data that were obtained during cooling, and the
crosses denote data that were obtained during warming. The
difference between the two curves is clear evidence that confined
oxygen can be supercooled when confined in Vycor. Both the
freezing and melting transitions occur at temperatures well
below the bulk freezing point of 54.4 K (the rightmost dashed
vertical line) and the temperature of the bulk y—f phase
transition at 43.8 K (the leftmost dashed vertical line).

Beyond the classic thermodynamic techniques discussed
above, advances in both experimental methods and confining
materials have enabled sophisticated new approaches for
probing the thermodynamic properties of nanoconfined liquids.
There are too many such techniques to cover here, but we will
discuss some representative examples.

There are many different nuclear magnetic resonance (NMR)
methods that can be used to study the thermodynamic
properties of confined liquids.'***'*7*'° One theme common
to many of these techniques is that line shapes change
dramatically when the liquid dynamics slow down, such as
happens in a freezing transition. For instance, Figure 19A shows
deuterium NMR data obtained from D,O confined in a Vycor
monolith with a 109 A average pore diameter.'™ At high
temperature, the NMR spectrum is composed of a single narrow
feature, as expected for this liquid. This single feature persists
well below the bulk freezing point of 277 K, but broadens as the
temperature is reduced and the liquid viscosity increases.
Spectral features that would be expected for a solid begin to
appear at 253 K, and increase in intensity as the temperature is
lowered further. The intensity of the central liquid peak
simultaneously decreases. A small, liquid-like peak remains
even at 193 K. These spectra, which match well with simulations
(Figure 19B), suggest that the confined D,O does not freeze at a
single temperature, but rather that freezing occurs on a layer-by-
layer basis.'*

A property that is notably absent from the above discussion is
density. Although density is a fundamental property of liquids,
the measurement of the density of nanoconfined liquids remains
an outstanding challenge, both in experiments and simula-
tions.”'”*>'® The determination of density relies upon knowing
both a number of molecules and a volume. One approach to this
problem in nanoconfinement is to use Gurvich’s rule,”"” which
states that the density of a confined liquid matches that of the
corresponding bulk liquid under the same thermodynamic
conditions. However, it is quite clear from the oscillatory density
profiles observed in simulations that this rule is highly
approximate in SDNs. From a practical experimental perspec-
tive, the volume available to a confined liquid is generally not
well-known, as the confining medium may include inaccessible
regions. Thus, determining the volume of the nanoporous
material itself is not sufficient to define a unique density of a
liquid that is confined within this medium. From the standpoint
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Figure 19. Spectroscopic measurements on the phase transitions of liquids in nanoporous materials. (A) >H NMR spectra and (B) simulated spectra of
D,O confined in Vycor glass. The sharp central feature arises from liquid water and the broad feature arises from ice. Adapted from ref 188. Copyright
2020 Springer Nature. (C) Neutron-scattering Bragg peaks and (D) densities inferred from such data for benzene confined in MCM-41 materials.
Adapted from ref 313. Copyright 2006 American Chemical Society. (E) The radial breathing mode frequencies of water-filled CNTs of different
diameters as a function of temperature. Adapted from ref 3. Copyright 2017 Springer Nature.

of simulations, although it is straightforward to calculate a
density profile of a nanoconfined liquid, there is no rigorous
means of determining the point at which such a profile should be
terminated to calculate the average density of that liquid. Thus,
the development of experimental methods that allow for the
unambiguous determination of the density of nanoconfined
liquids remains a key challenge in the field.

An example of an advanced technique that can be used to
obtain information regarding the density of nanoconfined
liquids is shown in Figure 19C.>"° This figure shows small-
angle neutron-scattering data at the (100) Bragg peak for an
MCM-41 sample with a 24 A pore diameter, both empty and
filled with benzene at a range of different temperatures. The
filled material exhibits considerably less neutron scattering
because the scattering contrast is decreased by the confined
liquid. In this simplest picture, the scattered intensity depends
only on the square of the difference between the product of the
density and scattering length of the two media.”"”

Figure 19D shows the temperature-dependent density
determined for benzene confined in pores with 24- and 36-A
diameters based on this neutron contrast-matching technique.
The change in slope at low temperature was suggested to
indicate the glass-transition temperature of the confined
liquicl.‘q’]3 However, as with other methods, the above caveats
apply for the contrast-matching method. Indeed, the calculated
densities for the smaller pores in Figure 19D are well below the
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spinodal for benzene, indicating that a liquid could not exist
under these conditions. Thus, a more sophisticated method is
likely required for interpreting these sorts of data, which may be
due in part to the existence of volume that is inaccessible to the
confined liquid.

Some precision nanomaterials offer the opportunity to probe
the thermodynamic properties of nanoconfined liquids based on
the observable properties of the confining medium itself. As an
example, shown in Figure 19E are temperature-dependent
Raman spectra of the RBMs of water-filled, individual CNT's of
various diameters.” The RBM is highly sensitive to the
mechanical properties of the confined water. Thus, as denoted
in Figure 19E, there is a clear change in the RBM frequency
when the confined water undergoes a phase transition or dewets
the nanotube. The phase-transition temperatures exhibit
considerable variation over nanotubes whose diameters vary
over a range of less than S A. Some of the apparent phase
transitions occur at temperatures that vary considerably from
those of the bulk liquid.

2.2.1.2. (i) Measuring Dynamic Properties. The influence
that nanoconfinement has on liquid dynamics is every bit as
important as the influence it has on thermodynamics. The
translational and orientational dynamics of a nanoconfined
liquid are generally slower than those in the corresponding bulk
liquid, although there are exceptions to this rule. The dynamics
are furthermore generally spatially heterogeneous. As a rough
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Figure 20. Orientational dynamics of nanoconfined liquids studied with spontaneous Raman spectroscopy. (A) Anisotropic (depolarized) and
isotropic Raman line shapes for the C—I stretch in methyl iodide confined in a silica sol—gel monolith with a 40 A pore diameter. Adapted from ref 322.
Copyright 2000 John Wiley & Sons. (B) Orientational correlation times and (C) orientational diffusion constants for spinning and tumbling for
benzene-d4 confined in silica sol—gel glasses. Adapted from ref 323. Copyright 1996 American Chemical Society.

rule of thumb, molecules near pore walls tend to exhibit the
slowest dynamics, whereas those in pore centers have faster
dynamics, and in large enough pores may behave like molecules
in the bulk liquid. Here we review some of the most popular
experimental techniques for studying the dynamics of nano-
confined liquids.

2.2.1.2.1. Spontaneous Raman Spectroscopy. Polarization-
selective spontaneous Raman spectroscopy‘?’20 can provide a
substantial amount of information regarding vibrational and
molecular dynamics. The most common polarization config-
uration for spontaneous Raman spectroscopy, which is often
denoted VH (for vertical excitation polarization and horizontal
detection polarization), is used to collect the “depolarized”
spectrum.”””**! The depolarized spectrum is dependent on how
the polarizability in one direction is influenced by excitation
perpendicular to that direction, and is sensitive to the vibrational
lifetime, vibrational dephasing, and molecular reorientation.

The counterpart to the depolarized Raman spectrum is the
isotropic Raman spectrum, which measures the direction-
independent change in the polarizability following polarized
excitation. The isotropic spectrum is insensitive to reorientation,
but is still influenced by vibrational relaxation and dephasing.
The depolarized and isotropic portions of the polarizability are
independent of one another, and together they represent the
entire polarizability tensor.”*%**'

There are inherent challenges in the experimental measure-
ment of the isotropic Raman spectrum, so it is more common to
measure the depolarized Raman spectrum and the polarized
(VV) Raman spectrum. The latter is a linear combination of the
depolarized and isotropic Raman spectra, and so can be used
together with the depolarized Raman spectrum to determine the
isotropic Raman spectrum.‘?’21

Because spontaneous Raman spectroscopy is an optical
technique, the use of this method to study nanoconfined liquids
requires monoliths of high optical quality. The existence of strain
birefringence in these materials can present a challenge for
determining the isotropic Raman spectrum. Nevertheless, with
sufficient care such experiments are possible. As an example,
shown in Figure 20A are the depolarized and isotropic Raman
spectra for the C—I stretch of methyl iodide confined in a silica
sol—gel monolith with an average pore diameter of 40 A.*** The
fact that the isotropic spectrum is so much narrower than the
depolarized spectrum is a clear indication that orientational
dynamics contribute strongly to the depolarized spectrum, i.e.,
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that the time scales for vibrational relaxation and dephasing are
not substantially shorter than the orientational correlation time.

Parts B and C of Figure 20 illustrate the type of information
that can be extracted from the spontaneous Raman spectroscopy
of nanoconfined liquids.”*’Figure 20B shows the average
orientational correlation time for benzene-ds in sol—gel
monoliths as a function of pore curvature (i.e., the inverse of
the pore radius). These data indicate that reorientation becomes
increasingly inhibited as the pore size becomes smaller. By
monitoring different vibrational modes of benzene, it was further
possible to determine the orientational diffusion constants along
the 6-fold axis (spinning) and perpendicular to the 6-fold axis
(tumbling)."’23 As shown in Figure 20C, both of these diffusion
constants decrease with increasing confinement. Because
tumbling requires a greater hydrodynamic volume than does
spinning, the fractional change in the diffusion constant for
tumbling as the pore size decreases is considerably greater than
that for spinning.

2.2.1.2.2. Nuclear Magnetic Resonance. Many different
NMR techniques that have been used to probe the dynamics of
nanoconfined liquids.”**~*** Here we discuss one representative
example. The deuterium spin—lattice relaxation time, T}, in a
liquid is inversely proportional to the orientational correlation
time of the molecules.””” Thus, rapid orientational dynamics
lead to slow spin—lattice relaxation, and vice versa. Figure 21A is
an Arrhenius plot of the orientational diffusion constants of
toluene-d, in the bulk liquid (squares) and confined in sol—gel
glasses with an average pore diameter of 62 A (circles).”” The
open symbols are data for orientational diffusion about the
methyl axis, and the solid symbols are data for orientational
diffusion about the two axes perpendicular to the methyl group.
As expected, the orientational diffusion constants are smaller in
confinement than in the bulk liquid. Interestingly, the aspect
ratio of the diffusion tensor is larger in confinement than in the
bulk liquid,”*” which suggests that some motions are more
inhibited than others at the pore walls.

Spin—lattice relaxation occurs on a time scale (0.01—10 s in
this system) that is much longer than that of orientational
relaxation (approximately 1 ps to tens of ps in this system).
Thus, on the time scale of spin—lattice relaxation, the confined
molecules can be assumed to have sampled all dynamic
environments statistically, which is consistent with only a single
spin—lattice relaxation time being observed. Similar results have
been observed in NMR studies of other van der Waals liquids,
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Figure 21. Orientational dynamics of nanoconfined liquids studied
with NMR spectroscopy. (A) Orientational diffusion constants,
determined by deuterium NMR, for toluene-d; parallel to the methyl
axis (open symbols) and perpendicular to the methyl axis (solid
symbols). The circles are for the bulk liquid and the squares for the
liquid confined in silica sol—gel glasses with a 62 A pore diameter.
Adapted from ref 329. Copyright 1991 American Institute of Physics.
(B) Orientational diffusion constant perpendicular to the molecular
axis of acetonitrile-d; in the bulk-like and surface populations confined
in silica sol—gel glasses, as determined by NMR. The thickness of the
surface layer was assumed to be two molecular diameters. Adapted from
ref 331. Copyright 1993 American Chemical Society.

which led to the development of the two-state fast-exchange
(TSFE) model for analyzing such data.”** The underlying idea
of this model is that in large enough pores (ie., those with
diameters greater than a few molecular lengths), there are two
distinct dynamic populations of molecules. The molecules in the

pore centers are presumed to exhibit bulk-like dynamics,
whereas those at the pore surfaces exhibit inhibited dynamics.

Within the TSFE model, if one knows the thickness of the
surface layer and the pore diameter, then the orientational
correlation time at the surface can be determined. There is no a
priori method of determining the thickness of the surface layer
based on NMR measurements, but a reasonable approximation
that is often used is two molecular diameters.”>' Based on these
assumptions, Zhang and Jonas used NMR data to estimate the
temperature dependence of the orientational correlation time
for tumbling in the surface layer of acetonitrile confined in sol—
gel glasses. Figure 21B shows an Arrhenius plot of their results
and a comparison to the bulk quuid.331 Based on these data, the
activation energy for reorientation is roughly 50% greater for the
surface population than in the bulk liquid. We will revisit this
picture below.

2.2.1.2.3. Optical Kerr Effect Spectroscopy. In optical Kerr
effect (OKE) spectroscopy,”> >** a linearly polarized ultrafast
pulse is used to create a birefringence in an optically transparent
liquid by inducing a slight alignment of molecules along the
direction of the polarization. The alignment is based on the most
polarizable axis of the molecules, which is why this process
induces birefringence in the medium. The birefringence is
probed by a second laser pulse that arrives at a variable delay
time after the first pulse. The probe pulse is polarized at 45°, and
encounters an analyzer polarizer following the sample that is set
to pass light polarized at —45°. Thus, if there is no birefringence,
then no probe light passes through the analyzer. By measuring
the leakage through the analyzer as a function of the delay time
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Figure 22. Orientational dynamics of nanoconfined liquids studied with optical Kerr effect spectroscopy. (A) Orientational dynamics of carbon
disulfide confined in a sol—gel glass with a 44 A pore diameter. Adapted from ref 335. Copyright 1986 American Physical Society. (B) Semilogarithmic
plot of the OKE decays from CS, in the bulk and confined in sol—gel glasses with an average pore diameter of 24 A. The dashed lines are fits to a
component that relaxes on the same time scale as the bulk liquid and a second component with inhibited orientational dynamics. Adapted from ref 336.
Copyright 1997 American Chemical Society. (C) Arrhenius plot of the viscosity of CS, in the bulk (solid circles) and the effective viscosity at the
surfaces of silica pores with average diameters of 45 A (open circles), 28 A (solid triangles), 25 A (open triangles), and 21 A (solid squares). Adapted
from ref 337. Copyright 1999 American Chemical Society. (D) Relative surface (solid symbols) and bulk-like (open symbols) populations of methyl
iodide in silica pores with diameters of 83 A (squares), 42 A (triangles), and 24 A (circles). Adapted from ref 338. Copyright 1998 American Chemical
Society. (E) Temperature dependence of the ratio of the extrapolated orientational correlation time of CS, at a flat silica surface to that in the bulk. The
fact that the ratio is always near 2 indicates that this component of reorientation is inhibited due to hydrodynamic volume effects. Adapted from ref 337.

Copyright 1999 American Chemical Society.
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between the two pulses, the dynamics of the return of the liquid
to its isotropic orientational state can be determined. Here we
will focus on the portion of the decay that arises from collective
orientational relaxation, which occurs on a time scale of a few ps
and longer.

OKE spectroscopy is a form of depolarized, stimulated Raman
spectroscopy, and is the time-domain analogue of low-frequency
spontaneous Raman (also known as Rayleigh-wing) spectros-
copy. However, the fact that OKE spectroscopy is coherent (i.e.,
that the signal propagates in a unique direction, along the probe
beam, rather than over a broad range of angles) confers
significant benefits for the study of liquids confined in
monolithic porous glasses. The most important of these
advantages is that a small region of the sample can be probed,
which typically makes it possible to avoid strain birefringence
entirely.

Warnock, Awschalom, and Shafer pioneered the use of OKE
spectroscopy to study nanoconfined liquids.”*> Shown in Figure
22A are data they collected on carbon disulfide confined in a
sol—gel monolith with a 44 A pore diameter. Due to the pulse
length and laser instability, these authors were not able to
identify a statistically significant difference in orientational
diffusion between the confined liquid and the bulk liquid in this
case, although they did observe such a difference for the more
strongly wetting liquid nitrobenzene.”> With the advent of
Ti:sapphire lasers, which have shorter pulses and greater stability
than the laser used by Warnock, Awschalom, and Shafer, it
became possible to obtain OKE data with higher time resolution
and greater dynamic range. As shown in Figure 22B, there is a
second, slower collective orientational diffusion component in
CS, confined in nanoporous sol—gel glasses.**® The overall
decay can be fit with a biexponential function. One exponential
decay time matches that of the bulk liquid, and presumably arises
from molecules in the pore centers. The second decay is
significantly slower, and thus is assumed to arise from molecules
at the pore surfaces.

Because OKE spectroscopy can directly measure the diffusive
orientational decay time of surface molecules, it is possible to use
temperature-dependent studies to measure the activation energy
for surface reorientation without any assumptions (cf. Figure
22B). An example of such a determination is shown for CS, in
Figure 22C, both in the bulk and confined in sol—gel monoliths
with average pore diameters ranging from 21 to 45 A.**” The
quantity plotted here is the “effective” viscosity, which is
calculated by multiplying the bulk viscosity at the same
temperature by the ratio of the surface orientational correlation
time to the bulk orientational correlation time. This picture
assumes that the only factor leading to inhibition of orientational
relaxation at the pore surfaces is an increase in viscosity.
However, as shown in Figure 22C, the activation energy is
virtually identical at the pore surfaces and in the bulk. A wide
range of studies suggest that, for van der Waals liquids, this
behavior is the rule, rather than the exception. The difference
between the bulk viscosity and the effective surface viscosity
therefore lies almost entirely in the magnitude of the Arrhenius
prefactor, which calls into question whether the inhibition of
surface reorientation is really due to a change in viscosity. We
will return to this question below.

There is information not only in the time constants of this
type of biexponential OKE decay for a confined liquid, but also
in the amplitudes of the components. The amplitudes can be
related directly to the fractions of bulk-like and surface
molecules. An example of such an analysis is shown in Figure
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22D** for methyl iodide confined in sol—gel monoliths with
average pore diameters of 83 A (squares), 42 A (triangles), and
24 A (circles). The bulk-like population is denoted with open
symbols, and the surface population with solid symbols. As
expected, the smaller the pore diameter, the larger the fractional
surface population. The surface population also grows with
decreasing temperature, a phenomenon that is common to all
confined van der Waals liquids that have been studied with this
technique.”” Note that given the pore diameter and the
fractional surface population, it is possible to calculate the
thickness of the surface layer.

Liquids that do not have specific interactions with pore
surfaces generally exhibit surface orientational relaxation rates
that depend on the pore diameter. In particular, the smaller the
pore diameter, the more inhibited the surface reorientation. The
dependence of the surface relaxation time on pore curvature can
provide insights into the mechanism of inhibition. Imagine, for
instance, a liquid composed of cylindrical molecules that lie flat
on the pore surfaces. Reorientation about an axis along the pore
surface normal should be increasingly inhibited as the pore
diameter decreases. Reorientation about an axis perpendicular
to both the pore surface normal and the long molecular axis
should be slower than in the bulk liquid due to an increase in the
hydrodynamic volume required, but the rate of this motion
should not be dependent on the pore radius. To distinguish
between these two effects, the surface orientational correlation
time can be plotted as a function of pore curvature. Such plots
are typically linear until the pore diameter becomes only a few
molecular lengths, and so by extrapolation it is possible to
determine the orientational correlation time at a flat surface.
Figure 22E shows the ratio of the orientational correlation time
at a flat surface to that of the bulk liquid across the entire liquid
temperature range of CSZ.‘?’*?’7 To within error, this ratio is 2,
which corresponds to the expected ratio of hydrodynamic
volumes for reorientation of a surface molecule about an axis
parallel to the surface and a molecule that reorients freely in the
bulk. This model demonstrates how reorientation can be
inhibited at pore surfaces without invoking an increase in
viscosity.

OKE spectroscopy has also revealed that specific interactions
with the pore surfaces can have a substantial influence on the
orientational dynamics of a confined van der Waals liquid. For
instance, hydrogen bonds made between the pore walls and the
liquid typically live for much longer than an orientational
correlation time, which has a strong influence on surface
relaxation, both for the hydrogen-bonded molecules and their
neighbors.”****" Exchange into the bulk-like portion of the
confined liquid can further become an imgortant orientational
relaxation mechanism for those neighbors.”*>**! The dynamics
of liquids with intermolecular hydrogen bonds can be even more
complex.”*

2.2.1.2.4. Dielectric Spectroscopy. In dielectric spectrosco-
py,”* an oscillating electric field is applied to a sample, and the
frequency-dependent loss and/or phase shift are measured.
Dielectric loss gives direct information regarding the individual
and collective molecular dynamics of the sample. There are a
number of challenges in applying dielectric spectroscopy to
nanoconfined liquids, perhaps the greatest of which is that there
is a limit to the maximum frequency that can be generated and
measured. For this reason, the nanoconfined liquids that
dielectric spectroscopy is most often used to study are highly
viscous, either due to substantial intermolecular hydrogen
bonding or to being significantly supercooled (or both).”** For
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Figure 23. Dynamics of nanoconfined liquids studied using dielectric spectroscopy. Temperature-dependent dielectric loss for propylene glycol (A) in
the bulk and (B) confined in silica sol—gel glasses an with average pore diameter of 25 A. The data show clear evidence for slow relaxation at pore
surfaces and a depressed glass-transition temperature. Adapted from ref 345. Copyright 1998 IOP Publishing. (C) Arrhenius plot based on dielectric
relaxation data for ethylene glycol confined in zeolites. The ethylene glycol loses much of its collective behavior in silicalite and sodalite, which have
pore diameters of 5.3 and 2.8 A, respectively. In zeolite 3, which has a pore diameter of 7.6 A, the dielectric relaxation dynamics resemble those of the
bulk liquid. Adapted from ref 347. Copyright 1999 American Physical Society. (D) Temperature-dependent dielectric loss data for water in aluminum
containing MCM-41 with a pore diameter of 46 A. A slow surface relaxation process is observed. Adapted from ref 348. Copyright 2008 Springer.
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Figure 24. Solvation in nanoconfined liquids. (A) Absorption (top) and fluorescence (bottom) spectra of coumarin 343 in water in the bulk (solid
lines) and in lecithin reverse micelles with water-to-surfactant ratios (w,) of 4.8 (dotted lines), 5.8 (long dash—dotted lines), and 6.8 (short dash—
dotted lines). Adapted from ref 353. Copyright 1998 American Chemical Society. (B) Dynamic Stokes shift data for solutions of Nile blue in ethanol in
the bulk (squares) and sol—gel glasses with SO A (circles) and 75 A (triangles) average pore diameters. Nanoconfinement influences both the
magnitude and dynamics of the solvation process. Adapted from ref 354. Copyright 2001 American Institute of Physics. (C) Temperature dependence
of the diameter of the bulk-like populations of liquid 2-methyltetrahydrofuran confined in silica sol—gel glasses with average pore diameters of 75 A
(circles), SO A (squares), and 25 A (triangles), as measured by the triplet solvation dynamics of quinoxaline. Adapted from ref 355. Copyright 1996
American Physical Society.

the same reason, these studies are often conducted at low high-frequency peak for ethylene glycol in the bulk and confined
temperatures. in different zeolites.”*” In zeolite 3, which has a pore diameter of
Dielectric loss spectra for bulk propylene glycol, a glass- 7.6 A, the peak of the dielectric loss tracks that of the bulk liquid,
forming liquid, are shown in 10 K increments from 283 to 203 K exhibiting classic Vogel—Fulcher—Tamman®*’ behavior, with
in Figure 23A.>* The high-frequency peak shows that the rate of different limiting linear regions at low and high temperature. On
the fast dynamics slows by over 4 orders of magnitude over this the other hand, in silicalite and sodalite, which have pore
temperature range. The red-shifting of this peak arises from the diameters of 5.3 and 2.8 A, respectively, the relaxation follows
increase of viscosity in the liquid as it is cooled toward its glass- Arrhenius behavior.”” These observations led to the conclusion
transition temperature of 168 K.*** When the same liquid is that in the latter two zeolites, ethylene glycol no longer acts as a
confined in sol—gel glasses with an average pore diameter of 25 liquid.
A, the dielectric loss spectrum changes substantially,”** as shown Figure 23D shows temperature-dependent dielectric loss
in Figure 23B. The fast relaxation component is of lower spectra for water in aluminum-containing MCM-41, in this case
magnitude than in the bulk liquid, but is also shifted to higher with a pore diameter of 46 A.*>° Remarkably, the temperature-
frequency, suggesting a reduction in the glass-transition dependent shift of the high-frequency peak is nonmonotonic. In
temperature. A shoulder also appears on the power-law portion this case, the authors concluded that the temperature depend-
of the decay at lower frequencies. This new feature is attributed ence of the spectra represents a competition between orienta-
to molecules with inhibited dynamics at the pore surfaces. Thus, tional fluctuations in the confined liquid and the formation of
this system exhibits both faster and slower dynamics than does defects that allow for faster-than-expected water dynamics.**°
the bulk liquid. 2.2.1.2.5. Solvation. Solvation, as probed by static and time-
Dielectric spectroscopy can also be performed on powdered resolved absorption and emission spectroscopy, can provide
samples containing confined liquids. As an example, Figure 23C detailed information about the local solvent environment and
shows an Arrhenius plot of the peak dielectric loss rate in the dynamics around the probe molecule.”"*** Most dye molecules
2761 https://doi.org/10.1021/acs.chemrev.2c00155
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Figure 25. Infrared spectroscopy of nanoconfined liquids in reverse micelles. (A) Far-IR absorption of water in the bulk (dashed line) and in aerosol—
OT reverse micelles with water-to-surfactant ratios ranging from 40 to 1 (in the directions of the arrows). These data illustrate that nanoconfinement
has a strong effect on the librational modes of water. Adapted from ref 358. Copyright 2001 American Chemical Society. (B) IR spectra of the OD
stretch and orientational anisotropy decays for 5% HOD in H,O in the bulk and confined in reverse micelles of different water-to-surfactant ratios and
(C) time-dependent orientational anisotropy in the bulk and in reverse micelles with a water-to-surfactant ratio of 10. Adapted from ref 359. Copyright

2006 American Chemical Society.

are solvatochromic to some extent, which is to say that their
absorption spectrum depends on the nature of the solvent, and
particularly its polarity. As an example, the top panel of Figure
24A shows absorption spectra of coumarin 343 in bulk water and
in lecithin reverse micelles of different water-to-surfactant
ratios.”” The smaller the value of wy, the more blue-shifted
the absorption spectrum, suggesting that the solvent environ-
ment becomes less polar as the size of the reverse micelles
decreases.

Fluorescence spectroscopy introduces an additional degree of
sensitivity to the nature of the solvent, particularly when the
charge distribution of the fluorescent molecule is different in the
ground and excited states. When a molecule is excited, the
solvent reorganizes to accommodate the new charge distribu-
tion. This reorganization also acts to destabilize the ground state,
leading to what is known as a Stokes shift between the
absorption and fluorescence peaks. The bottom panel of Figure
24A shows the fluorescence spectra corresponding to the
absorption spectra in the top panel.’>® The shifts in the
fluorescence spectra are greater than those in the absorption
spectra. The overall shift between absorption and fluorescence
decreases with increasing confinement, which is again consistent
with the polarity of the solvent decreasing as the reverse micelles
become smaller.

There is additional, rich information in the dynamics of the
solvation process. Solvent reorganization occurs over a time
period that depends on factors such as the viscosity of the
solvent and the size of the solvent molecules. In confinement,
additional aspects of the system, such as the pore size and the
preferred environment of the fluorescent molecules (i.e., the
pore centers or the pore walls), can also influence the solvation
time. Solvation dynamics can be monitored by measuring the
fluorescence spectrum as a function of time following excitation,
in a technique called time-dependent fluorescence Stokes shift
(TDESS) spectroscopy. As an example, Figure 24B shows the
time-dependence of the fluorescence peak of Nile blue in
ethanol in the bulk and confined in sol—gel glasses with average
pore diameters of 50 and 75 A.*** The magnitude of the
fluorescence shift is greater in the bulk than in confinement,
suggesting that confinement reduces the solvent polarity.
Interestingly, the shift is somewhat greater in SO A pores than
in 75 A pores, which may be indicative of complex confinement
effects that will be discussed below.
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A limitation of TDFSS experiments is that they are only
capable of monitoring dynamics over time scales on which
fluorescence can be observed, typically up to a few ns to tens of
ns. To monitor solvent dynamics on longer time scales,
phosphorescence Stokes shifts can be used. Triplet states have
lifetimes that can range up to seconds or more, so
phosphorescence allows access to dynamics on an entirely
different range of time scales than does fluorescence. As an
example, Streck, Mel'nichencko, and Richert used triplet
solvation to study the dynamics of supercooled 2-methylte-
trahydrofuran confined in sol—gel monoliths with average pore
diameters of 25, 50, and 75 A.**> They observed that one
component of the phosphorescence decay showed little to no
shift with time, whereas a second component did shift. The
former component was related to molecules at the pore surfaces,
and the latter to molecules in the pore centers. Based on the
magnitudes of the two decay portions, the authors were able to
determine the effective diameter of the bulk-like population as a
function of pore diameter and temperature, as shown in Figure
24C.3%

There are some caveats to be considered when applying
solvation to the study of nanoconfined liquids.”>® The
distribution of locations of luminescent molecules is important.
Without knowledge of whether the molecules partition to the
pore surfaces, to the bulk-like portion of the solvent, or are
distributed statistically for a given confining medium and
solvent, it can be difficult to interpret solvation data.
Furthermore, a typical assumption in analyzing solvation data
is that the response is linear, i.e., the motions that contribute to
solvation dynamics are the same ones that occur at equilibrium.
However, the fact that such studies generally use molecules with
quite different charge distributions in the ground and excited
states raises the possibility that the two electronic states prefer
different regions of the pores. For instance, a molecule that
partitions to the pore surfaces in its ground state may prefer to be
in the bulk-like region of the solvent in its excited state.>*® Thus,
electronic excitation may lead not only to solvent dynamics, but
also to translation of the probe molecule into a completely
different environment.

2.2.1.2.6. Infrared Spectroscopy. The shapes and positions
of infrared (IR) absorption bands can provide useful
information about the environment and dynamics of liquids,
and even more information can be gained from time-resolved IR
studies.”’ Most nanoconfining media have significant IR
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Figure 26. Probing the dynamics of nanoconfined liquids with quasi-elastic neutron scattering. (A) QENS spectra for methanol confined in MCM-41
with a 37.4 A pore diameter. The symbols are the QENS data and the dotted, dashed, and solid lines are fits to the quasi-elastic component, the
background, and the total signal. Adapted from ref 366. Copyright 2008 American Chemical Society. (B) Arrhenius plot of the translational diffusion
constant determined by QENS for water in the bulk and confined in MCM-41 with 21 A (solid symbols) and 28 A pore diameters (open symbols). The
different symbol shapes correspond to different methods of extracting the diffusion constant. Adapted from ref 367. Copyright 2005 American

Chemical Society.

absorption, which can make it difficult to isolate the absorption
of the confined liquid. For that reason, much of the IR work on
nanoconfined liquids has focused on reverse micelles.

As a first example, Figure 25A shows THz (far-IR) absorption
of bulk water and reverse micelles with different values of wy.***
Terahertz spectroscopy probes a spectral region for which, in
this system, the absorption arises from intermolecular modes,
rather than intramolecular modes. Any sort of libration (i.e.,
hindered translation or rotation) that changes the local dipole
moment of the liquid can be observed with this spectroscopy.
The bulk liquid has a librational band that peaks at
approximately 700 cm™'. With increasing confinement (along
the arrows in Figure 25A), the bulk band decreases in intensity,
and a new band builds in that peaks at approximately S00 cm ™.
Based on the isosbestic point at roughly 620 cm™, it was
suggested that these spectra are consistent with a two-state
model,**® with the high-frequency feature corresponding to
bulk-like water and the low-frequency feature corresponding to
“bound” water interacting with the surfactant head groups. It is
also possible that the low-frequency feature corresponds to
water molecules that participate in fewer hydrogen bonds than
in the bulk, which would be likely associated with a reduced
librational frequency.

Mid-IR spectroscopy is also a useful means of probing the
nature of nanoconfined liquids, so long as there is no spectral
interference from the confining medium itself. As an example,
Figure 25B shows the absorption spectrum of the O—D stretch
of HOD in H,O in reverse micelles.”*” This mode was chosen to
avoid spectral overlap with the C—H stretches of the alkyl
groups of the surfactants and the isooctane used as the nonpolar
solvent. The spectrum shows a clear blue-shift with increasing
confinement. Such a shift is known to be associated with an
increase in the population of molecules that participate in a
smaller number of hydrogen bonds,**° which is again consistent
with the presence of molecules at the surface of the confined
water pool that are associated less strongly than in the bulk.

The dynamics of water in reverse micelles can also be probed
with a range of sophisticated, time-resolved IR techniques. For
instance, polarization-sensitive, pump/probe spectroscopy can
be used to determine the population-relaxation and vibrational
dephasing dynamics, following which the orientational aniso-
tropy correlation function can be determined.””” Representative
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data for the bulk liquid and for reverse micelles with wy, = 10 are
shown in Figure 25C.>*” The bulk liquid exhibits a single-
exponential decay, whereas the relaxation in the confined liquid
is more complex. The IR spectra and vibrational relaxation data
fit correspond well to a 2-state, core—shell model, whereas
orientational relaxation and spectral diffusion data (the latter
determined from IR photon-echo experiments) suggest that a
more complex model is required.

It is worth noting that the type of two-state or core—shell
models that have been discussed throughout this section on
measuring dynamic properties are often useful approximations
for analyzing and understanding experimental data. However,
simulations suggest that these models are at best approximate,
and that the actual relationship between position and dynamic
behavior in nanoconfined liquids is typically more com-
plex 361-363

2.2.1.2.7. Quasi-elastic Neutron Scattering. In quasi-elastic
neutron scattering (QENS),****** the momentum transfer
spectrum of scattered neutrons is measured, so QENS can be
thought of as a type of low-frequency vibrational spectroscopy.
As an example, Figure 26A shows QENS spectra and fits for
methanol confined in MCM-41 with a 37.4 A pore diameter.’*®
These spectra are indicative of molecules with inhibited
dynamics near the pore surfaces, in conjunction with molecules
with higher mobility in the pore centers. Figure 26B shows an
Arrhenius plot of the translational diffusion constant of water in
the bulk and confined in MCM-41 with a pore diameter of 21
A The different symbols correspond to different methods for
extracting the translational diffusion constant, but in all cases the
implied activation energy is similar in the confined liquid and in
the bulk, in agreement with the results from other techniques
discussed above. This technique can, for example, provide
information on self-diffusion coeflicient of solvents in nano-
confinement,”*® as well as on the existence of anisotropy of
translational diffusion in nanochannels.**”

2.2.1.3. (iii) Measuring Structural Properties. Nanoconfine-
ment changes not only the thermodynamic and dynamic
properties of liquids, but also the molecular organization.
Although thermodynamic and dynamic measurements can be
used to help infer the structural properties of liquids, it is clearly
preferable to be able to probe the liquid organization directly.
Unfortunately, there are few experimental techniques that can
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make such measurements. Most of what is known exper-
imentally regarding the structure of confined liquids comes from
studies using the surface forces apparatus (SFA).””’

Figure 27 shows a schematic diagram of one generation of

SFA.>"" The crux of this instrument is two parallel, atomically
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Figure 27. Schematic diagram of a surface forces apparatus. The liquid
to be studied is placed between the mica sheets, the distance between
which can be controlled with precision on the order of 1 A. Adapted
from ref 371. Copyright 1976 Springer Nature.

flat sheets of mica, between which can be placed a sample of a
soft material. The sheets are gently curved, but in directions
perpendicular to one another, such that there is a minimal
contact area. The mica sheets are essentially flat and parallel in

this contact region. The SFA allows the forces between the two
mica sheets to be measured as a function of the distance between
them, down to separations on the subnanometer scale, with sub-
Angstrom positional accuracy.””® The variation in force with
separation can reveal detailed information regarding the layering
of liquids in slit pores.””**”* Further information can be gained
by exploring how the shear properties of the system depend on
the distance between the mica sheets.”””*”* The mica can be
functionalized with monolayers of different chemicals to tune
the interactions with the liquid, and thereby the liquid’s
structuring. It is possible to make a wide range of other
measurements as well, such as how the phase-transition
temperature of a liquid depends on the separation between
the mica sheets.””

The classic sign of liquid structure in SFA data is a force profile
that oscillates with the separation distance between the surfaces.
For instance, long-chain alkanes tend to organize parallel to the
mica surfaces. However, as seen in Figure 28, the behavior
observed can also be considerably more complex.*’® This figure
shows the results of SFA experiments on cyclohexane, in which
the separation between the surfaces was measured during both
loading and unloading (Figure 28A), and the refractive index
was measured simultaneously (Figure 28B). Knowledge of the
refractive index allows for the estimation of the liquid density, as
shown in the scale on the right of Figure 28B. The points in these
figures are connected by lines that denote the trajectory during
loading and unloading. For each value of the force, a range of
separations is observed, and for each separation, a range of
refractive indices is observed. These observations are indicative
oflarge-scale fluctuations in the confined liquid. Remarkably, the
refractive index drops to a time-averaged value of roughly half
that of the bulk liquid at a separation of slightly less than 2 nm.
The large fluctuations may be an indication of a phase
transition.”’®
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Figure 28. Simultaneous measurement of force and refractive index with a surface forces apparatus. (A) External force and (B) refractive index of
cyclohexane in an extended surface forces apparatus as a function of the film thickness. Green data points are for approach, and red data points are for
retraction. The density fluctuations highlighted in the histograms are considerably larger than might have been expected. Adapted from ref 376.
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Figure 29. lon current as a probe of the geometrical and electrochemical characteristics of single nanopores. (A) SEM image of a single nanopore
prepared using FIB (left), and a corresponding current—voltage curve measured for this pore in 1 M KCl (right). Adapted from ref 402. Copyright
2020 American Chemical Society. The pore diameter, as determined by both SEM and ion-current measurements, was 32 nm. (B) Ion current
measured through individual nanofluidic channels using a wide range of KCl concentrations. Adapted from ref 250. Copyright 2004 American Physical
Society. Data for channels with different lengths are shown. The ion current begins to saturate when the pore length becomes comparable to the Debye
screening length, allowing the surface charge of the channel to be measured (inset). (C) A scheme of the experimental setup used to probe the ion
selectivity of nanopores. A nanopore is placed in contact with a concentration gradient. The established potential difference, V,, indicates whether the
pore is selective to cations or anions, and can be used to calculate transference numbers. (D) Current—voltage curve for an individual hourglass
nanopore, with an effective opening of <5 nm, in 100 mM KCL. Adapted from ref 403. Copyright 2008 John Wiley & Sons. (E,F) Current—voltage
curves for individual, conical nanopores with negative and positive surface charges, respectively, in 100 mM KCIl. Adapted from ref 404. Copyright
2007 American Chemical Society. (G) An individual, conical nanopore with negative surface charge probed in 1 M CaCl,. Adapted from ref 395.
Copyright 2009 American Chemical Society. The direction of the current—voltage curve asymmetry indicates that this pore becomes effectively

positively charged due to charge inversion.

2.2.2. Electrochemical Methods. In this section, we will
focus on how electrochemical approaches can be used to
characterize single nanopores, both synthetic and biological.377
These approaches are applicable to nanopores in any material,
including materials that cannot be easily imaged by electron
microscopy.

Ion transport through single nanopores is often characterized
by measuring time-dependent ion current and/or by collecting
current—voltage curves. Ion current through a single pore can
provide information regarding the pore diameter, the presence
and polarity of surface charges, the selectivity for particular ions,
and even the local ionic concentrations in the pore. Ion currents
can be measured at the pA level or lower.””® The measurement
of time-dependent, ion-current signals is crucial for under-
standing the gating properties of biological ion channels, as well
as the kinetics of the opening and closing of these pores.

Measurement of the ion current through a pore with a
concentrated salt solution, such as 1 M KCI, is a common
method of postfabrication characterization of synthetic nano-
pores and nanofluidic channels (Figure 29A). At high ionic
strengths, surface charges on the pore walls are largely screened,
allowing the measured current to be related to the pore
geometry using an electrical analogy to a resistor.”” This
approach to sizing nanopores is rapid and nondestructive, and
for some types of nanostructures provides the only means of
estimating the effective diameter of the pore opening.””* Even
when nanopores are drilled by TEM or FIB, and can therefore be
imaged during fabrication, electrochemical characterization is
generally performed after the fabrication.”*””**’ How accurate
the electrochemical method is in providing information about
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the pore size as compared to electron microscopy remains an
open issue.”””

Recent studies described a detailed protocol for ion-current
measurements that can be used to determine the diameters, and
even the shapes, of pores.380 The diameters of nanopores can
also be determined using resistive-pulse measurements
performed with a molecule or particle of known size. In this
case, the amplitude of the measured pulses gives information
regarding the pore diameter. This method can also reveal
information regarding the nanopore shape.”®' ~>%

The surface charge in nanopores can be probed by measuring
the ion current over a wide range of ionic concentrations.”*” As
the bulk concentration decreases, the thickness of the electrical
double layer (EDL) increases, so that a larger fraction of the pore
volume is controlled by the EDL properties. Consequently, the
measured ion current deviates from what would be predicted
based on bulk conductivity. On the other hand, above a certain
threshold concentration, the current becomes independent of
the bulk concentration (Figure 29B).”*%*** This threshold
concentration depends on the pore size, and corresponds to the
case in which the pore radius is roughly equal to the Debye
length. If the same measurement is performed with a neutral
pore, a linear dependence of the current on the salt
concentration is observed.

Electrochemical measurements in concentration gradients
provide information on ion selectivity and the polarity of the
surface charge.”’”*®® When a nanopore is in contact with a salt
gradient, the voltage established across the membrane (V,, in
Figure 29C) reflects whether the nanopore is selective for the
cation or the anion. Such measurements are often performed
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according to one of two protocols.”** In the first approach, the
salt concentration on one side of the nanopore is held constant,
and a range of different concentrations is used on the other side.
In the second approach, the magnitude of the concentration
gradient is kept constant by changing the concentrations on
both sides of the nanopore by the same factor. This latter
method of probing ionic selectivity was used in early biophysics
experiments that led to the development of the Hodgkin—
Huxley action-potential model,””” and is still used in the
characterization of single channels with patch-clamp experi-
ments.”*” The ability of a channel to differentiate between two
ions of the same charge can be determined by measuring the
potential difference across a channel between two reservoirs, one
containing the first ion and the second containing the same
concentration of the second ion. This approach is applicable
both to single nanopores and porous membranes.

Due to the large surface-to-volume ratio of nanopores, ion
current is sensitive to the pore geometry as well (Figure 29D,E).
As an example, the current—voltage characteristics of cylindrical,
conical, and hourglass-shaped nanopores are different from one
another.”® Cylindrical and hourglass nanopores with charged
pore walls exhibit current—voltage curves that are linear in the
low-voltage regime and saturate at higher voltages, at which the
pore conductance is dominated by concentration polar-
ization.”*® Conical nanopores were one of the first examples of
an ionic rectifier.”®**~*"* Conical nanopores with negative and
positive surface charges can be easily distinguished from each
other by the shapes of their current—voltage curves (Figure
29E,F).

Current—voltage curves through nanopores are also sensitive
to the properties of the solid—liquid interface, and especially to
the surface charge density. As an example, a conical nanopore
rectifies current to a degree that depends on the charge density,
and if the pore walls are neutral there is no rectification at all.>”*
The sensitivity of the ion current through asymmetric nanopores
to the charge properties of the walls makes conical nanopores an
ideal model system for probing charge inversion.””* Charge
inversion occurs when a surface that is, e.g., negatively charged in
the presence of monovalent cations becomes positively charged
in the presence of multivalent cations. Figure 29G shows
current—voltage curves for a single conical nanopore in contact
with KCl as well as CaCl,.*** Inverted current—voltage curves in
the divalent salt provide evidence that the nanopore surface
switches sign from negative in KCl to positive in CaCl,.

The sensitivity of the transport characteristics in conical
nanopores has also been used in the design of chemical sensors.
To this end, pore walls and/or nanopore entrances are modified
with a recognition agent that selectivity binds an analyte of
interest present in the solution.’”® The analyte can be detected,
and even its concentration determined, through measurements
of current—voltage curves and time-dependent ion cur-
rent, 397398

Ion current can also provide insights into the ionic
concentration inside a nanopore. Ionic rectifiers transport
more ions for a voltage of the polarity at which the pore volume
is filled with a higher salt concentration.®***>*%° For instance, a
nanopore that has a positive surface charge tends to transport
anions. If a positively charged nanopore is conically shaped, it
will be filled with a higher concentration of ions when the tip of
the pore is negatively biased with respect to the opposite, larger
opening. This type of behavior has been verified in experiments
with solutions containing a sparingly soluble salt. The
concentration of the salt in the bulk solution in this case was
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below the solubility product. In the pore, however, the
concentration was enhanced for one voltage polarity, creating
nanoprecitates that temporarily blocked the ion transport.*’
The precipitates were unstable, leading to tunable ion-current
oscillations.

2.2.3. Electrokinetic Methods. The experimental charac-
terization of the electrical properties of interfaces, nanopores,
and nanochannels typically requires the use of indirect,
electrokinetic methods. In these techniques, nonequilibrium,
thermodynamic, force—flux relationships are determined for the
linear response to electrical, diffusional, and hydraulic driving
forces acting on ions and the liquid solvent. Beyond the direct
relationships to these driving forces (Ohm’s law, Fick’s law, and
Poiseuille’s law, respectively), the indirect relationships
correspond to various linear electrokinetic phenomena, such
as electro-osmotic flow, diffusion-osmosis, and streaming
current, all of which are related to the pore charge.””*™** It is
important to emphasize, however, that the inferred electrical
properties, such as the zeta potential and the surface charge, are
model dependent, specifically requiring assumptions regarding
the position of the slip plane, the ionic diffusivities, the local
viscosity of the solution, the surface roughness/heterogeneity,
and the permittivity of the solvent at the interface, among other
considerations.””*~*** Furthermore, many of the relations that
are valid for nonoverlapping EDLs are not valid for the regime of
strong EDL overlap in SDNs."”” Nevertheless, in conjunction
with SFA measurements,'®" electrokinetic measurements
provide the foundation for our understanding of charged
interfaces, as making more direct, nondestructive observations
of surface properties, electric fields, and ion concentrations is
challenging at the molecular scale.

2.2.4. Transmission Electron Microscopy. Fluidic
behavior inside SDNs is determined by a complex interplay
among electrostatic, steric, and van der Waals interactions, as
well as by solvation effects, all of which occur on molecular
length scales. Understanding nanofluidic behavior in SDNs
therefore requires experimental probes that offer high spatial
resolution. TEM can be used to examine materials down to the
atomic scale. However, this technique typically requires an
environment in ultrahigh vacuum, usually below 107% mbar. In
addition, the electron beam can cause damage to liquids, and has
the potential to induce chemical reactions. These challenges can
be overcome with cryogenic TEM (cryo-TEM) microsco-

y.©07%? By vitrifying the liquid through rapid cooling, the
native state of the sample is preserved, and the sample is
protected from the vacuum and the electron beam. Li et al.
recently used cryo-TEM to image the arrangements of discrete
counterions at electrically charged liquid—solid interfaces.*** By
adding positively charged, amine-functionalized gold nanorods
to aqueous solutions of phosphotungstic acid (H;PW;,0,),
they captured the crowding and layering behavior of Keggin
anions [PW,0,0]* at the nanorod surfaces (Figure 30A—C).
Comparison between experimental observations and molecular
dynamics simulations suggests that the finite ionic size (~1 nm)
plays an important role in determining the nature of the layering.
Furthermore, the cryo-imaging technique enabled the observa-
tion of ionic arrangements under extreme confinement. With
different widths of confinement, the Keggin anions formed
correlated monolayer and bilayer structures between parallel
nanorods (Figure 30D,E). The cryo-TEM technique provides
exciting opportunities for examining nanofluidic structures at
the single-ion level, and offers a new means of validating
computational and theoretical predictions.
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Figure 30. Cryo-TEM imaging of discrete ions and their distribution at
an electrically charged, solid—liquid interface. (A) The sample consists
of amine-functionalized gold nanorods embedded in an aqueous
solution of phosphotungstic acid (H;PW,0,,). (B) A typical cryo-
TEM image of the interface between a nanorod and the electrolyte
solution (dashed region in (A)). The image contrast in the electrolyte
solution is dominated by the Keggin anions, which contain multiple
tungsten atoms. (C) Image-intensity profile, integrated parallel to the
nanorod surface, for distances up to 16 nm from the nanorod surface.
The oscillatory behavior at distances below 5 nm suggests that the
Keggin anions form discrete layers at the interface. The arrows mark the
positions of the concentration peaks of the Keggin anions, as obtained
from molecular dynamics simulations. (D,E) Cryo-TEM images of the
ionic solution confined between aggregated parallel nanorods, which
show monolayer or bilayer ionic structures, depending on the
confinement width. Adapted from ref 433. Copyright 2020 American
Chemical Society.

Liquid cells offer another approach to imaging nanofluidic
systems with TEM."*** In a liquid cell, the fluid is separated
from the vacuum by thin membranes, typically composed of
silicon nitride or graphene, that are transparent to an electron
beam (Figure 31). Liquid cells have facilitated the study of
phenomena such as nanoparticle growth and dissolution with
high spatial resolution.”****” A particular advantage of liquid-
cell TEM is its ability to study dynamic processes, as sample

freezing is not required. Recent studies also suggest that
graphene liquid cells can reduce the radiation damage to the
encapsulated materials.**® One area of major concern in liquid
cells, however, is the reactive chemical environment induced by
the electron beam at room temperature. At the temperatures
used in cryo-TEM, such chemical reactions are suppressed. We
therefore anticipate that cryo-TEM and liquid-cell TEM will be
important complements to one another in future studies of
structure in nanofluidic environments.

Beyond its capabilities in high-resolution imaging, TEM has
also been used in the spectroscopic characterization of
nanofluidic systems via EELS. In contrast to optical spectros-
copy, in which the spatial resolution is typically limited to a few
hundred nanometers due to diffraction, EELS can provide
subnanometer spatial resolution, which can be advantageous
when studying nanofluidic systems. In one study, EELS was used
to confirm the presence of water inside CNTs." Another
common use of EELS is in the determination of specimen
thickness, in which the electron inelastic scattering mean-free-
path is used in conjunction with the energy-loss spectrum to
thickness with sub-10 nm resolution.”*>**" Beyond these
traditional techniques, Zhang et al. recently proposed using
TEM in conjunction with optical excitation to image photo-
excited states with sub-nm resolution.”** The development of
improved electron detectors and TEM platforms that are more
stable will enhance the spectroscopic characterization of
nanofluidic systems.

2.2.5. Single-Defect Spectroscopy. Chemical defects play
an important role at the nanoscale. However, it is difficult to
probe the role of defects, and to quantify their impact on
nanopore properties and molecular transport. Little is known
regarding the role of defects in SDNs, in part because it is
difficult to image these defects directly. To address this
challenge, Wu et al. recently demonstrated a near-IR,
spectroscopic imaging method with single-defect resolution.
Figure 32A shows a schematic of the imaging system. By cooling
an InGaAs detector array to —190 °C (versus the typical —80
°C), and implementing a nondestructive read-while-integrate
(RWI) readout scheme, the authors were able to capture weak,
near-IR fluorescence from quantum defects, also known as
organic color centers (OCCs), with a signal-to-noise ratio that
was improved by more than 3 orders of magnitude as compared
to previous studies (Figure 32B).** The photoluminescence
(PL) is dispersed by a volume Bragg grating system, allowing an
image stack to be collected one wavelength at a time, and then
reconstructed to obtain a PL spectrum for each pixel. This
hyperspectral imaging capability enables simultaneous imaging
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Figure 31. Experimental configurations for liquid-cell electron microscopy. (A) A liquid cell consisting of two silicon microchips supporting silicon
nitride windows. Adapted from ref 434. Copyright 2020 John Wiley & Sons. (B) A graphene liquid cell, in which the solution is encapsulated between
two graphene sheets. Adapted from ref 436. Copyright 2012 American Association for the Advancement of Science. (C) A monolithic, channel-type,
graphene liquid-flow cell. Adapted from ref 435. Copyright 2021 American Chemical Society.
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Figure 32. Super-resolved hyperspectral imaging of fluorescent defects
on SWCNTs. (A) Schematic of the hyperspectral PL imaging system,
which combines a volume Bragg grating for hyperspectral imaging, an
InGaAs, 2D-array, NIR detector that operates at —190 °C to minimize
dark current, and a nondestructive read-while-integrate (RWI) readout
mode for suppression of dark current in the near-IR and reduction of
read noise. (B) RWI (red) significantly depresses background signals at
—190 °C. Under otherwise identical conditions, RWI exhibits a noise
level that is more than an order of magnitude lower than in integrate-
then-read mode (blue). (C) A hyperspectral image that contains both
spatial and spectral information in each pixel, as exemplified by (D), a
PL map along the length of a single (6,5)-SWCNT with three major
defect sites (i, i, iii) identified from their characteristic defect emission
(labeled as E;;”). (A—D) Adapted from ref 443. Copyright 2019
Springer Nature. (E) FUNs with OCCs at both ends. Each
superlocalized defect is displayed as a two-dimensional Gaussian with
a width equal to the localization precision (dotted circles). Scale bar S0
nm. Adapted from ref 445. Copyright 2018 American Chemical Society.

and spectral resolution of each defect on a SWCNT over the
entire field of view (Figure 32C,D). Additionally, the distinct
spectral signatures of the SWCNT and OCCs along the
nanotube length allow both to be resolved spatially.

Each defect blinks stochastically, enabling superlocalization of
the defect position. By analyzing the two-state nature of the
stochastic PL blinking from a single defect emitting site, in
conjunction with its super-resolved location, single defects can
be identified optically. Figure 32E shows a super-resolution PL
image of fluorescent ultrashort nanotubes (<40 nm) that feature
OCCs implanted at both ends.****** This technique thus
provides a quantitative tool for characterizing single defects and
their impact on nanopore properties. Single-defect detection
circumvents the limitations imposed by ensemble averaging, and
enables the investigation of the impact of defects on molecular
transport through nanopores.

Hyperspectral imaging in single-defect spectroscopy can
provide rich spectral information with high spatial resolution.
For example, as discussed below in section 5.5, Qu et al. used
hyperspectral imaging to capture the filling of n-hexane into a
single (6,5)-SWCNT, which had a pore diameter of 0.42 nm.**
Molecular filling induces strain on CNTs, and also changes the
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dielectric environment inside the CN'T,*"/#%#46 resulting in a PL

shift that can be observed with high spectral and spatial
resolution along the length of the CNT. This capability may
open opportunities for the direct imaging of molecular filling
and phase changes in SDNs with nanoscale resolution.

3. MODELING TOOLS

Many modeling tools are available to study the interfacial
phenomena relevant to nanofluidics computationally. Here we
will focus on applications to aqueous systems, which are both
particularly important, and especially challenging, to model.
These systems motivate higher-fidelity modeling to capture
forces accurately, but sufficiently affordable methods are also
necessary to ensure access to sufficient time and length scales to
capture the relevant phenomena. The three major computa-
tional strategies used in this arena to address this trade-off are
quantum simulations, force-field-based MD simulations, and
continuum modeling. Modeling some properties typically
requires a combination of these strategies to treat the physical
phenomena of interest accurately. For example, ab initio
molecular dynamics (AIMD) simulations, in which the
intermolecular forces are obtained from first principles,
incorporate important quantum mechanical (QM) interactions,
but the high computational cost limits the length scales (sub-nm
to nm) and time scales (ps) over which direct sampling can be
achieved. QM interactions are required for the realistic
modeling, for instance, of the properties of water at solid
surfaces. However, for certain important phenomena (e.g,
wetting*"” and the formation of the EDL at solid—water
interfaces448), AIMD simulations cannot be used, due to the
large length and time scales required. In such cases, lower-cost,
classical MD simulations are needed. These classical models
typically consist of simple analytical functional forms that are
parametrized to reproduce QM properties. In classical MD
simulations, however, even qualitative results can depend
sensitively on the nature of the functional form of the force
fields used to model the various intermolecular interactions of
pure water and electrolytes at solid—water interfaces.**>**° To
overcome this challenge, system-specific intermolecular poten-
tials of water with 2D materials, including graphene,
molybdenum disulfide, and hexagonal boron nitride, have
been parametrized based on quantum-chemical simula-
tions.*'~*>> Nevertheless, these force fields may not offer
sufficient flexibility to describe QM phenomena, such as the
polarization response of 2D materials in contact with polar
solvents such as water. Thus, a recent aim has been to develop
all-atom, polarizable force fields based on QM simulations, that,
in addition to modeling traditional electrostatic and dispersion
interactions, incorporate the variation in the charge distribution
in the solid (e.g., graphene) resulting from the finite electric
fields exerted by the water molecules and the ions at the solid—
water interface.”*”*****° In addition, first-principles electronic
methods can provide unique insights into mechanistic under-
standing of nanofluidic transport in SDNs, which cannot be
obtained from force-field-based MD simulations. Al-Hamdani et
al.®” used diffusion quantum Monte Carlo methods to obtain
adsorption energies between water and CNTs, and Ellison et
al.*® applied DFT to investigate the energetic favorability of
water at CNT defect sites. Electronic detail can be incorporated
in ab initio molecular dynamics simulations to capture precise
interfacial structure, ™" bulk phase behavior,**” and reactive
behavior at high pressures at which water can dissociate.**"**
Furthermore, recent work by Kavokine et al.’ suggests the
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Figure 33. Methods used for the computational modeling of liquids in nanopores. Computational modeling techniques and their corresponding
governing equations, mapped according to the length and time scales to which they can be applied. Methods used to bridge the gaps between the main
regimes of computational modeling are also indicated in the figure. Representative figures for the methods used extensively in the study of nanofluidic
phenomena are shown at the right. The lower image is from a quantum simulation of the adsorption of a water molecule on graphene, and shows the
distribution of charge. The upper image above is from an MD simulation of water desalination using a porous monolayer of MoS,.
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Figure 34. Trade-offs in computational methods. (A) Schematic of the trade-off between simplicity and accuracy for different implementations of
DFT. The variables to the left of the techniques are discussed in the text. (B) Schematic of the trade-off between computational effort and accuracy in

non-DFT correlated methods.

necessity of a proper electronic description of charge
fluctuations in liquids and electron excitations in solids to
explain water—carbon friction. Finally, continuum models are
well suited for systems spanning mesoscale dimensions, and for
which discrete effects do not play a significant role, a
representative example of which is calculating the variation of
the ionic conductance with concentration for electrolytes
confined inside larger diameter SDNs. #22493:46% Qyerall, QM
AIMD and QM-derived force fields should be expected to

2769

outperform force fields that are less flexible, but if these QM
techniques cannot capture the longer length and time scales
needed to describe a microfluidic phenomenon, enhanced
sampling or larger-scale simulations would be needed. Here,
comparison to experimental observations, or across levels of
theory, are both helpful in identifying whether the modeling
technique is sufficiently accurate. The following subsections
discuss some of the most commonly used computational
methods, in increasing order of time and length scales. A
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schematic diagram of the methods and the time and length scales
to which they can be applied is shown in Figure 33.

3.1. Quantum Methods

Several quantum methods are available for modeling nanofluidic
systems. These methods range from density functional theory
(DFT) to higher-order aféproaches, such as Moller—Plesset
(MP) perturbation theory™® and the configuration-interaction
(CI) approach.”®® DFT can be applied at various levels, as
depicted in Figure 34A. There is a trade-off between accuracy
and complexity in DFT that depends on the form of the
exchange-correlation term. Several higher-order methods that
are also used in quantum simulations involve a similar trade-off,
as depicted in Figure 34B.

3.1.1. Density Functional Theory. DFT**"*% solves the
Schrodinger equation using the Born—Oppenheimer approx-
imation, in which the nuclei are assumed to be fixed, and their
interactions are modeled as an external potential. The state of
the szf(f;ir(r; is then determined based on the wave function
using™ """

2 ’
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(S

w(r)

= ey (r) (1)

. VR I
where, in an N-electron system, —Z—V,-Z is the kinetic energy of
me

the ith electron, V,,(r) is the potential energy due to interaction
between the nuclei and the electron, the integral term is the
Coulomb energy between the electrons, V,(r) is the exchange-
correlation potential, y;(r) is the wave function of the electron,
and ¢;is the energy associated with the electron. The form of the
exchange-correlation term (V,.(r)) depends on the manner in
which one defines the interaction energy between the electrons,
as shown in Figure 34A in increasing order of accuracy. The
simplest of these models is the local density approximation
(LDA),** in which the electrons are treated as a homogeneous
electron gas (HEG) with an electron density p(r). The energy in
this case is expressed as*®’

EMNp) = [o()enlo() dr o
where €,.(p(r)) is the exchange-correlation energy per electron
of the HEG.

The true electron charge density is not homogeneous. To
account for this inhomogeneity, the exchange-correlation term is
made not just a function of p(r), but also a function of Vp(r), the
gradient of the electron-charge density. This approach is called
the generalized gradient approximation (GGA), and the
corresponding exchange correlation energy is*’ """

ESNpL = [p(enlo(), Vo(r) dr .
where €,.(p(r),Vp(r)) is the exchange-correlation energy per
electron.

A further extension to GGA is the meta-GGA,*’>*”* in which
the exchange-correlation energy depends on V?p(r), the
Laplacian of the electron density, in addition to p(r) and
Vp(r). The exchange-correlation energy in this case can be
expressed as?7H473

2] = [p(neo(), Vo), Vo) dr
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In some cases, the kinetic energy density 7(r) is used instead of

the Laplacian of the electron density, in which case the
. 472,473

exchange-correlation energy takes the form

RSl = [p(r)ep(r), Vo), () dr

where

(5)

N,

occ

“0) = 5 V)P

i=1

(6)

and N, is the number of electrons in the occupied orbitals.
The next most complex approach in Figure 34A is the Hybrid-
GGA method, in which a fractional contribution from the exact

Hartree—Fock (HF) energy’’* is included in the calculation:

Nejee/2 Nejec/2
EFlyll=- )

i=1

r

/fl//i*(r)l//j(r)u/j*(r')llfi(r’) W

’

lr — 7l

=1

(7)
where EMF is the exact HF exchange functional, y, y, and y7*, w*
are the wave functions, and their complex conjugates, for the ith
! I is the Coulomb

and jth electrons, respectively, and
i
interaction between the two electrons. The general form of the

. o o 475,476
energy-correlation term in this case is given by*’>

E.= (1 - a)EXT + agF

XC

(8)

where a is a semiempirical fitting parameter.

Methods based on DFT have been used extensively to study
the properties of liquids (e.g, water) and molecules in
confinement,*””*’® as well as at interfaces of materials such as
metals*””**" and graphene.”**™*** Pati et al.*”’ studied the
effect of water adsorption on CNTs using DFT under the GGA
approximation. They found that water undergoes physisorption
on CNTs, following which charge transfer occurs between the
water molecule and the CNT. This process reduces the hole
concentration in the nanotube, thereby reducing the nanotube’s
conductivity. DFT has also been used to study various
electrokinetic phenomena in nanofluidic systems,**>**® such
as charge inversion and EDL formation.

3.1.2. Non-DFT/Post-Hartree—Fock Methods. The HF
method discussed in the previous section is the basis for several
approaches that are more sophisticated (Figure 34B), the first of
which we will consider is MP perturbation theory.**® In this
method, electron correlation effects are added to the ground-
state, unperturbed Hamiltonian (H,) using Rayleigh—Schro-
dinger perturbation theory via**’

H=H,+ AV (9)
where A is an arbitrary, dimensionless parameter, and Vis a small
perturbation.

The CI*® approach is another post-HF method. In this
technique, a linear variational method is used to to account for
the electron correlations in solving Schrodinger’s equation. The
ground-state wave function W is written as

Y= Z Ckl//k
k (10)

where ¢, and y; are the coefficient and configuration state
function, respectively, of quantum state k in the expansion; the
states are linear combinations of Slater determinants.**® If the
expansion above includes all possible state functions, then the
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Figure 3S. Studying interactions between water and graphene using electronic structure methods. (A) Lennard-Jones curves for graphene—water

9

interactions calculated with (top left) the MP2 method,”" (top right) the random-phase approximation,4%_498 (bottom left) DFT symmetry-adapted
perturbation theory,*”*°° and (bottom right) the CC method.*” The ab initio results are denoted with triangles, and the Lennard-Jones 6-n fitting
curves are denoted with lines in each plot. The abscissa, &, is the distance between the water oxygen and the graphene plane. (B) Comparison between
graphene—water interactions for the CC,*** MP2,*”' HE,*"* and GGA methods.*”' The two orientations of the water molecule with respect to the

graphene layer considered are shown at the bottom.

solution to the electronic Schrodinger’s equation is exact, which
is referred to as a full configuration interaction. In the coupled-
cluster (CC) approach,**” multielectron wave functions with an
exponential coupled-cluster operator are used to account for the
electron correlation. The ground-state wave function in this case
is given by

g eTky/k

k (11)

where T} is the coupled-cluster operator.
MP perturbation theory™® has been used to study the
structure of water’”° and the interaction of this substance with
graphene.”" In this work, the force-field parameters character-
izing the graphene—water interactions were calculated using the
MP2 method.”" The CI was first used in the accurate
calculation of the excited states of water.”” Advances in
computational capabilities have enabled the use of CI to
calculate the excited states of systems, such as acenes, " which
are potential materials for organic electronics. The CC approach
has been used recently to explore the adsorption of water on
hBN.** Another previous study focused on estimating the
physisorption energies of water on graphene.”” Quantum
methods ranging from DFT to CC have been extensively used to
develop force fields to model the interactions between graphene
and water. Such force fields are an essential component for the
MD simulations that are needed to model larger systems to
study macroscopic properties, such as viscosity and diffusion
coeflicients. Wu et al. compared the graphene—water interaction
parameters calculated using higher-order quantum methods.*’
These parameters were used in multiscale methods to study the
dynamics of water on graphene surfaces (Figure 35A). In similar
studies, the adsorption energies of water on graphene were
determined*”* using post-HF methods (Figure 35B).

3.2. Ab Initio Molecular Dynamics

In AIMD simulations, also known as Born—Oppenheimer
molecular dynamics (BOMD) simulations, the nuclei are
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treated using classical equations of motion, and the ionic forces
are calculated by solving the electronic Schrodinger equation at
each time step. The electronic Schrodinger equation is solved by
approximating the electron-exchange correlation energy using
the LDA** or the GGA*” to optimize the computational time
required to propagate each time step. Because these calculations
enable access to the electronic properties of the system,
spectroscopic observables can be computed accurately.”***?
Another nanofluidic application for which AIMD has been used
is the diffusion of excess protons in CNTs, *”>°%* for which the
alignment, proton conduction, and time evolution of the free
energy were studied.

Car—Parrinello MD (CPMD)** is another method that
incorporates quantum interactions in MD simulations. CPMD
explicitly introduces the electronic degrees of freedom as
(fictitious) dynamical variables that are included in an extended
Lagrangian that leads to a system of coupled equations of
motion for both ions and electrons. This approach avoids the
explicit electronic minimization at each time step required in
AIMD. Instead, after an initial, standard electronic minimiza-
tion, the fictitious dynamics keeps the electrons on the electronic
ground state corresponding to each new ionic configuration
visited along the trajectory, thus yielding accurate ionic forces.

3.3. Molecular Dynamics Simulations

MD is the most common simulation approach used to model
nanofluidics. In MD, the atoms are defined explicitly, and the
dynamics are determined by solving Newton’s equations of
motion numerically. The forces between atoms are calculated
using interatomic potentials, which are often estimated using the
quantum mechanical methods described above.

Early work on nanofluidics using MD simulations yielded a
number of ma}g’or predictions. MD simulations performed by
Hummer et al.”” indicated that water spontaneously fills CN'Ts.
In CNTs with small enough inner diameters, the encapsulated
water took on a single-file structure, and the hydrogen bonds
exhibited 1D ordering. This study also revealed that in CNTs
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with small enough diameters, a water molecule forms only two
hydrogen bonds, as opposed to the optimal four hydrogen bonds
that most molecules make in the bulk liquid. The average
lifetime of the hydrogen bonds in the confined liquids was found
to be ~S times longer than that in the bulk. Gordillo and
Marti*” studied the hydrogen-bond network inside CNTSs of
various diameters. They found that as the diameter of the CNT
decreases, the number of hydrogen bonds formed between water
molecules also decreases. This 1D hydrogen-bonding network
promotes the rapid transport of water. The source of this fast
transport was examined extensively by Joseph and Aluru,*®” who
evaluated water velocities for different types of nanopores,
including CNTs, BNNTSs, noninteracting pores, and rough
CNTs. They found that OH-bond orientation and hydrogen
bonding in the depletion region (where the water concentration
is less than 5% of its value in the bulk) contribute to the large
flow rates of water observed in CNTs. A related study of the
effect of CNT chirality on the diffusivity of water was reported
by Liu et al.,*® who observed that water diffuses nearly an order
of magnitude faster in armchair CNT’s than in zigzag CNTs. Fast
water transport through CNTs was also observed in MD
simulations of osmotic flow systems by Kalra et al,*” who
highlighted the importance of the water thermal fluctuations in
CNTs with small diameters. Ma et al.”'’ found that the
enhancement of diffusion through CNTSs arises from the
coupling between the confined water molecules and the
longitudinal phonon modes of the CNT. The limiting velocities
explored in this study are similar to those observed
experimentally. Temporal oscillations in the shear stress were
observed at the water—CNT interface, corresponding to the
lowest, odd-index, longitudinal phonon modes of the CNT.

3.3.1. Structure, Dynamics, and Dielectric Properties
of Confined Aqueous Solutions. Since the seminal paper of
Hummer et al.,*” MD simulations have been used extensively to
elucidate the organization and dynamics of liquid water confined
in CNTs. Here we discuss some of the highlights of this work.
MD simulations have revealed that the organization of water in
CNTs displays a remarkable diversity that depends on the pore
diameter, the temperature, and the pressure. For example, water
molecules adopt a single-file configuration in (6,6)-SWCNTs,
but as the CNT diameter increases the organization changes
from ordered to disordered.®”*'" Furthermore, classical MD
simulations show that, below room temperature, a new phase of
high-density ice, which is characterized by stacking of n-
membered rings in the axial direction, emerges in CNTs with
sub-2 nm diameters.”"”

Several MD studies have investigated the structural properties
of salt solutions in CNTs. How ion solvation is governed by the
intrinsic properties of ions and nanoconfinement is not fully
understood, and contradictory trends have been reported, even
for simple alkali metal ions. For example, classical MD
simulations using nonpolarizable force fields indicate that both
K* and Na* preserve their first solvation shells, even in CNTs
with a diameter as small as 10.0 A.>'® On the other hand,
simulations using polarizable force fields predict that ions in this
environment will tend to be partly desolvated and reside near the
solution—CNT interface.”'" First-principles simulations found
that confinement effects on ion solvation may also depend on
the strengths of the solvation shell and the specific interfacial
interactions. For CNTs with a diameter of 14 A, the synergy
between these factors enables K to be partly solvated and to
reside closer to the CNT surface than do Na* or Li*.>'*7°'°
These conflicting results indicate that conclusions regarding the
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structure of confined aqueous solutions can be highly dependent
on the specific simulation techniques and approximations used.
These studies also point to the importance of including
electronic effects, such as polarization and charge transfer at
interfaces, to obtain a proper description of ion solvation under
confinement, given the importance of interfacial phenomena.
Understanding the transport mechanism of ions and liquid
water in CNTs is another outstanding challenge for simulation
and modeling. The difficulty arises largely from simultaneous
requirements for high accuracy and long time and length scales.
Many studies have relied on classical simulations, which are
more suitable for accessing the time scales relevant for transport
calculations. For example, as shown in Figure 36, MD
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Figure 36. Variation of the average axial diffusion coefficient of water as
a function of CNT diameter. The diffusion is non-Fickian for diameters
of 1.5 nm and less. Adapted from ref 517. Copyright 2011 American
Chemical Society.

simulations indicated that the average diffusion coefficient of
water exhibits a complex dependence on the CNT diameter, and
can be either larger or smaller than the corresponding bulk
value.>'” This study also indicated that the axial diffusion
mechanism can range from ballistic to Fickian motion,
depending on the CNT diameter (Figure 36). Other MD
simulation studies have explored the effect of confinement on
ion diffusion, albeit with somewhat contradictory findings. For
example, although some classical MD studies found that the self-
diffusion of confined ions is similar to or slower than that in bulk
solution,”'® other work indicated that the self-diffusion of ions
can be enhanced due to partial desolvation.”"” Ton diffusion in
charged CNT's was found to be slower than in neutral CNTs due
to strong electrostatic interactions between the ions and the
CNT surface.’* In this regard, ion-solvation structure and ion—
surface interactions appear to be important factors that affect ion
transport under confinement.

Recent MD studies have also provided vital insights on the
dielectric permittivity of confined water. A number of classical
MD simulations have shown that water exhibits strongly
anisotropic dielectric relaxation when confined in graphene
nanochannels."** This behavior leads to an order-of-magnitude
difference in the parallel and perpendicular dipolar fluctuations
of water confined between graphene sheets. Such anisotropic
behavior has also been observed in cylindrical confinement,
including in CNTs, in which the water dielectric constant
parallel to the axis of the CNT is enhanced, whereas the
dielectric constant perpendicular to the CNT axis is
diminished.”*' In another study, a universal scaling and
reduction in the perpendicular dielectric permittivity as a

https://doi.org/10.1021/acs.chemrev.2c00155
Chem. Rev. 2023, 123, 2737-2831


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig36&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

function of the channel width was observed for protic and
aprotic fluids confined in slit-like graphene channels.”** This
study also demonstrated that the reduction in the out-of-plane
dielectric permittivity exhibits a Langevin-like behavior, which is
attributed to the favorable, in-plane dipole—dipole interactions.
Collectively, these studies point to a strong anisotropic behavior
of dielectric properties under confinement, which in turn can
play an important role in molecular transport and selectivity, as
well as in chemical reactivity under nanoconfinement.

3.3.2. Incorporating Electronic Polarization Effects in
MD Simulations. Due to the ability of classical MD simulations
to access larger length and time scales than do AIMD
simulations, the combination of MD simulations with the
tools of statistical mechanics can provide essential mechanistic
insights regarding the behavior of pure fluids and electrolytes,
both at planar solid—water interfaces and inside SDNs.
Although traditional MD force fields, such as AMBER,>**
CHARMM,>** and OPLS-AA,** continue to provide useful
insights and are widely used, these force fields in general neglect
electronic polarization effects. These effects originate from the
polarization of the charge distribution in the solid that is a
consequence of the finite electric fields exerted by polar solvents,
such as water, and charged species, such as ions. Further, because
the electric field is a vector, both the direction and the magnitude
of the local electric field felt by an atom in the solid need to be
obtained based on the vectorial superposition of all the electric
fields exerted by the water molecules and the ions in the system.
This approach imparts a many-body nature to electronic
polarization effects, which also results in a strong coupling
between the ion—solid and water—solid interactions. **’

Electronic polarization effects, which are also referred to in the
literature as image—charge interactions,”*® involve intermolec-
ular interactions that are directional in nature.”>” Therefore, in
principle, these effects cannot be modeled with the scalar,
pairwise-additive potentials that are used extensively in classical
MD simulations. For example, as shown in Figure 37A, when

E=0
p.ind =0

Figure 37. Schematic demonstrating the directional nature of
electronic polarization interactions. In (A), the central molecule feels
a finite electric field from the permanent dipoles, whereas in (B), the
electric fields exerted by the permanent dipoles cancel each other such
that the central molecule does not feel any net dipolar electric field.

two permanent dipoles point in the same direction, the
polarizable molecule at the center feels a finite electric field, E,
that corresponds to the sum of the electric fields exerted by the
permanent dipoles (note that bolded variables designate vectors
and tensors). This field in turn contributes to the electronic
polarization of the central molecule, represented by the induced
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dipole moment p™™ = aE, where a is the polarizability tensor of
the central molecule. On the other hand, if the permanent
dipoles point in opposite directions, the electric field exerted by
one dipole is canceled by that exerted by the other, such that the
polarizable molecule does not feel any net external electric field
with dipolar symmetry, and consequently g™ = 0, as shown in
Figure 37B. This illustration demonstrates the need for self-
consistent modeling of the electric fields exerted by polar
molecules (e.g., water) and charged species (e.g, ions), because
pairwise L] or Coulomb potentials cannot account for the types
of interactions shown in Figure 37.

Misra and Blankschtein recently developed an all-atomistic,
polarizable force field*"” to model the interactions of water
molecules with graphitic surfaces, using quantum-chemical
simulations carried out with symmetry-adapted perturbation
theory (SAPT).*”*® The advantage of SAPT over other
electronic structure theories is that, in addition to predicting the
total graphene—water binding energies, this method can also
decompose the binding energies into four physically meaningful
contributions: electrostatics, exchange, polarization (induction),
and dispersion. This decomposition is useful for predicting the
polarization-energy component of the total water—graphene
binding energy, which results from the water-induced electronic
polarization of graphene. In the classical MD simulations carried
out by Misra and Blankschtein,"*’ the water—graphene
polarization energy was modeled self-consistently using the
classical Drude oscillator model.”*® As shown in Figure 38, every

Carbon Ao
Electron Cloud
‘ Water-Induced 9D, k
D

Carbon
Nucleus

Figure 38. Schematic of the polarization of carbon atoms in graphene
resulting from the electric field exerted by a water molecule. A
magnified view of the polarization of the carbon atom directly facing the
hydrogen atom of the water molecule is indicated by the black dashed
circle (the polarizations of the other carbon atoms are not shown for
clarity). The polarization of a carbon atom is modeled self-consistently
using the classical Drude oscillator model, in which every carbon atom
in the graphene layer is described as a Drude particle (yellow) and a
Drude core (cyan). Adapted from ref 447. Copyright 2017 American
Chemical Society.

carbon atom in graphene is represented as a Drude particle
(DP), corresponding to the carbon electron cloud, and a Drude
core (DC), corresponding to the carbon nucleus. The DP and
DC for a given atom have charges of equal magnitude but
opposite sign. The interactions between the DCs and DPs are
modeled using the Thole dipole field tensor,”*” which can
accurately reproduce the anisotropic polarizability tensor of
graphene (see eqs 4—7 in ref 447), i.e., the in-plane and out-of
plane polarizability components. Only two parameters are used
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to model the polarizability of graphene, a static dipole
polarizability, a. and a dimensionless Thole damping
parameter, a,, the latter of which modulates the interactions
between the DCs and DPs of graphene.

Electronic polarization effects induce a strong correlation
between the electric fields exerted by interfacial water molecules
on graphene and the orientations of these molecules, because
the graphene—water polarization energy depends upon
orientation.”*” The same authors also incorporated graphene—
water polarization interactions in a comprehensive investigation
of the water contact angle on graphite (multilayer graphene).**”
To this end, they first used the free-energy perturbation
method®* to obtain the graphite—water work of adhesion,
Wy, which is defined as the change in the free energy per unit
area upon moving a film of water in molecular contact with
graphite to an infinite distance away. As shown in parts A and B
of Figure 39, Wy, was subsequently used to calculate the contact
angle of water on graphite, §, using the Young—Dupre
equation,” Wy, =y (1 + cos ), where y; is the surface tension
of water. Further, Wy, being the difference in the Helmholtz free
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Figure 39. Understanding the role that electronic polarization effects
play in dictating the wetting properties of graphitic surfaces. (A)
Schematic showing the computational setup used to calculate the
graphite—water work of adhesion, Wy;, which is then used to calculate
the water contact angle on graphite based on the Young—Dupre
equation. The color code used to represent the graphene layers and the
water molecules is the same as that used in Figure 38. (B) The bar plots
show that in comparison to the contact angle obtained using the
classical Drude oscillator model to treat the graphene—water
polarization energy (left), treating the graphene—water polarization
energy implicitly using a L] potential (right) predicts a contact angle
that is 23° smaller.**” The source of this difference is the pronounced
influence of the graphene—water polarization interactions on the
interfacial entropy of water. The dashed rectangle represents the range
of recent experimental contact angle measurements on pristine graphite
(see main text). (C) Contact angle of water on suspended and
supported graphene layers obtained by treating the graphene layer as a
conductor using the constant-potential molecular dynamics (CPMD)
method. (D) Specific water orientations favored by graphene-mediated
water—water interactions.”*" Neutral carbon atoms are colored in gray,
and carbon atoms with positive and negative image charges are colored
in blue and red, respectively. The oxygen and hydrogen atoms in the
water molecule are colored in red and white, respectively. (C,D)
Adapted from ref 541. Copyright 2020 American Chemical Society.
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energy (the pressure—volume work is negligible), can also be
partitioned into an energetic component (AUg ) and an
entropic component (TASg; ), with Wy, = AUg, — TASq;.
Their key finding was that the graphene—water polarization
interactions have a more significant impact on the interfacial
entropy of water than do graphene—water dispersion
interactions.**” In fact, when polarization effects are modeled
self-consistently, the increase in the energetic component of W,
due to graphene—water polarization interactions is canceled, to a
large extent, by a concurrent increase in the entropic
component. In stark contrast, the pronounced energy—entropy
compensation is not observed if the graphene—water polar-
ization energy is instead treated implicitly using an L] potential,
which underpredicts the water contact angle by ~23° (Figure
39B). A water contact angle on graphite of 63° was calculated
based on MD simulations carried out using the above polarizable
force field.**” Although graphitic surfaces are prone to
hydrocarbon contamination, the simulated contact angle is in
good quantitative agreement with the contact angle of 62—68°
reported in the majority of recent experimental studies on
pristine graphite surfaces.”*” > All-atomistic polarizable force
fields can also be used to investigate the wettin§ of other 2D
materials, including hBN*® and phosphorene,””” which have
polarizabilities that are similar to, or larger than, that of
graphene.

A single layer of graphene can also partially transmit van der
Waals interactions by enabling intermolecular interactions
between the molecules on either side of the layer; this property
is referred to as partial wetting transparency.”* """ In a recent
study, Ojaghlou et al. investigated the role of electronic
polarization effects and the conductivity of graphene in
determining the water contact angle on, as well as the water—
water interactions across, a graphene layer.541 To this end, the
authors applied the constant-potential MD method,>** in which
the charge-neutral graphene layer is maintained at a net
electrostatic potential of zero, and the charges in the individual
carbon atoms in the graphene layer are allowed to fluctuate in
response to the electric fields exerted by the water molecules.
Different combinations of water—carbon L] potentials were used
to describe the London dispersion interactions, and the variation
of the water contact angle on freely suspended (a water droplet
on one side only) and supported (a water droplet on one side
and a water film on the other side) graphene layers were
investigated. As shown in Figure 39C, the water—water
interactions were found to be enhanced upon incorporation of
the polarization response of the graphene layer, which resulted
in a lower water contact angle on the supported graphene layer
than on the suspended one. This phenomenon was attributed to
specific water orientations above and below the graphene layer
(Figure 39D), which enhanced the electrostatic interactions of
the partial atomic charges of the hydrogen and oxygen atoms in
water with the induced image charges in the graphene layer. A
strong influence of polarization effects on the orientation of
interfacial water molecules has been a common feature
uncovered in molecular simulations of the graphene—water
interface. ">

In electrolyte solutions at solid—water interfaces, both the
water and the ions have substantial electric fields that can
polarize the charge distribution in a solid. The adsorption
behavior of ions at graphitic surfaces has attracted attention
recently because of the potential utility of graphene in
energy”**~>** and membrane applications.’””*** The Hofmeis-
ter series has been used extensively to characterize ion-specific
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Figure 40. Comparison of the interactions of a thiocyanate ion with graphene in vacuum to those in the presence of water. (A) In vacuum, the electric
field exerted on a given carbon atom by the ion is shown as a black arrow, and the electric field exerted by the induced dipole is shown as a green dashed
arrow. (B) In the presence of water, the electric fields exerted on a given carbon atom by the ion and by a highlighted water molecule are shown as black
arrows, whereas the electric fields of the induced dipoles are shown as purple dashed arrows. Adapted from ref 450. Copyright 2021 American

Chemical Society.

effects.”*” The influence of ions in this series is ranked as SO,*~
<F~ <HPO,” <CH;COO™ <Cl” <Br  <NO,;  <I" < ClO,~
< SCN". The ions to the left of CI” are considered to be
kosmotropic, whereas the ions to the right of Cl™ are considered
to be chaotropic. Kosmotropic ions are strongly hydrated, and
reduce the solubility of proteins. Chaotropic ions are weakly
hydrated and increase the solubility of proteins. All-atomistic
polarizable force fields derived using quantum-chemical
simulations employing SAPT*”*° were used to investigate
the adsorption behavior of kosmotropic (CI~, F~, and SO,*7)
and chaotropic (SCN~, NO;") ions at the graphene—water
interface. This work included a comparison of the free energy of
adsorption of thiocyanate at the graphene—water interface with
the corresponding experimental value.”*° Electronic polar-
ization effects were found to play a major role in determining
the manner in which ions interact with graphene in vacuum
versus in the presence of water molecules. As shown in Figure
40A, when SCN™ interacts with a graphene layer in vacuum, the
ion exerts a strong electric field that polarizes the charge
distribution in the graphene layer. The resulting induced dipoles
in graphene exert an electric field that interacts with the ion. In
contrast, at the graphene—water interface, both the ions and the
water molecules exert electric fields that polarize the graphene
layer. As shown in Figure 40B, because the magnitude and
direction of the induced dipole moment of each graphene
carbon atom depends on the electric fields exerted by the ions
and all of the water molecules in the system, the graphene—ion
and graphene—water interactions are intrinsically coupled.
Thus, when an ion approaches a graphene layer, there is a
quantifiable change in the graphene—water interactions.
Similarly, the graphene—ion interactions are modulated when
a water molecule approaches the graphene layer.

Figure 41A shows the resulting binding energies of SCNT,
NO;, CI7, F7, and SO,*~ with graphene in vacuum. For all of
these ions, the graphene—ion binding energies are large and
negative. This favorable binding is due to the large graphene—
ion polarization energies that result from the ion-induced
polarization of graphene.456 Because the SO, ion is divalent,
the graphene—ion polarization energy, which scales quadrati-
cally with the electric field exerted by the ion, is ~4 times larger
than that of monovalent ions, resulting in a significantly larger
binding energy for sulfate. Overall, the binding energies at the
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Figure 41. Energetics of ions near a graphene layer. (A) Calculated
binding energies of SCN~, NO;~, CI, F~, and SO,*~ with a periodic
graphene layer in vacuum. (B) The change in the Helmholtz free energy
(left) and the potential energy (right) when each of these ions is
transferred from bulk water to the graphene—water interface. The insets
in (A) and (B) are schematics of an ion interacting with graphene in
vacuum and in the presence of water molecules, respectively. Adapted
from ref 456. Copyright 2021 American Chemical Society.

location of the minima range from —11 kcal/mol (—18 kT) for
chloride to —42 kcal/mol (=70 k,T) for sulfate at 300 K.

The adsorption behavior of these ions on a graphene layer in
the presence of water is remarkably different than in vacuum. In
water, the chaotropic ions are attracted to the graphene—water
interface, whereas the kosmotropic ions are repelled. In Figure
41B, the changes in the Helmholtz free energy (AA) and the
potential energy (AU) are shown as a function of the distance, z,
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Figure 43. Dependence of the ion self-correlation function, water self-correlation function, and ion—water cross-correlation function on the distance z
between the graphene layer and the center of mass of (A) SCN™, (B) NO;™, (C) CI7, (D) F~, and (E) SO,>". (F) The percent screening of the total
polarization energy at the graphene—water interface relative to the graphene—ion polarization energies in vacuum for the five ions investigated.

Adapted from ref 456. Copyright 2021 American Chemical Society.

between the center of mass of the ion and the graphene layer.
The AA data®**° are consistent with the findings of two
experimental studies of the adsorption of ions at graphitic
330351 The simulated free energy of SCN ™ adsorption at
the graphene—water interface, in particular, is in quantitative
agreement with spectroscopic measurements.”’ The nature of
the AA profile can be understood qualitatively from the AU
data, although a non-negligible entropic contribution emerges

surfaces.
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from fluctuations in the ion—water and water—water inter-
*6 The AU data demonstrate the critical role of
interfacial water molecules in modulating the interactions of the

actions.

ions with the graphene layer.

To reveal the molecular mechanism of ion adsorption at the
graphene—water interface, the AU data were decomposed into
four principal interactions: graphene—ion (AUg,), graphene—
water (AUgy), ion—water (AUpy), and water—water (AU,
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as shown in Figure 42. The AU, data are negative, primarily
because of the stabilizing London dispersion interactions
between the ions and graphene, whereas the graphene—ion
polarization energy, the dominant contribution to the
graphene—ion binding energy in vacuum, is almost nullified in
the presence of water. The negative AUg; is partially
compensated by the positive AUgy, which results from the
displacement of a few water molecules when an ion approaches a
graphene layer. When an ion approaches a graphene layer from
bulk water, the hydration shell shrinks, resulting in a positive
change in AUyjy. Because the water—water interactions in the
hydration shell are weaker than those in the bulk, AUyyy is
negative.

To understand the remarkable attenuation of the polarization
energy at the graphene—water interface, the graphene—lon and
graphene—water polarization energies were evaluated™® in a
periodic simulation box consisting of an ion in water, both
interacting with graphene. The time-averaged graphene—ion
polarization energy is given by""**

< 10n> _ Z Eiion‘Eiion Z Eiion‘Eiwater
i i

(12)

where E*" is the electric field exerted by the ion on carbon atom
i, B is the net electric field exerted by all of the water
molecules on carbon atom i, (},E°E") is the time-averaged
ion self-correlation function, (}},Ei*".E") is the time-averaged
ion—water cross-correlation function, and ¥ is the effective
polarizability tensor of graphene, which incorporates the mutual
interactions between the induced dipoles in graphene. The time-
averaged graphene—water polarization energy is given by**%*°

< water> _ Z Ewater water

__ac

wat i
Z Ei aer'Eion
i (13)

where ()L E™.E' ") is the time-averaged, water self-
correlation function. The correlation functions when an ion is
transferred from bulk water to various z positions at the
graphene—water interface are shown in Figure 43 for SCN™,
NO;, CI7, F7, and $O,2~.*°

As shown in Figure 43, when any of the five ions investigated
approaches the graphene layer from bulk water, the ion and
water self-correlation functions (blue and red curves) take on
larger positive values, whereas the ion—water cross-correlation
functions (green curves) take on larger negative values. The
electric field that an ion exerts on graphene becomes larger as the
ion approaches the graphene layer, as is reflected in the increase
in the ion self-correlation functions as z decreases. The positive
values of the water self-correlation functions (red curves) reveal,
surprisingly, that when an ion approaches the graphene layer, the
interfacial water structure is perturbed in such a manner that the
water molecules also exert a larger electric field on graphene.
The large, negative values of the ion—water cross-correlation
functions (green curves) act in opposition to the positive
increases in the ion and water self-correlation functions, which in
turn results in a significant screening of both the graphene—ion
and the graphene—water polarization energies. The negative
values of the cross-correlation functions indicate that the electric
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fields exerted by the water molecules and the ion are out of phase
with respect to each other for all five ions studied, regardless of
the ionic diameter, the valency, or the nature of the solid—water
interface.**

Comparing the system polarization energies in the presence of
water molecules to those in vacuum can reveal the water-
mediated screening of the polarization energies. To this end, the
graphene—ion polarization energy in vacuum is given by

< 10n vac> - _ - ceff Z Eiion'Eiion
i (14)

and the total polarization energy at the graphene—water
interface is given by

< total> < 1on>+< water> (15)

The relative magnitudes of these two polarization energies
indicate that more than 85% of the vacuum polarization energy
is screened at the graphene—water interface, as shown in Figure
43F. Thus, the graphene—water interface dramatically attenu-
ates the polarization energy of ions with graphene. Because the
moderately negative AU, is largely counteracted by the positive
AUgy;, the adsorption behavior of ions at the graphene—water
interface is determined primarily by the interplay between ion—
water and water—water interactions.

Figure 44A shows, for the five different ions, the changes in
the ion—water interactions (APE,,), the water—water inter-
actions (APE,,), and the sum of the two (APE,,,) when a
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Figure 44. Energetics of the transfer of a water molecule in the first
hydration shell of an ion at the graphene—water interface to bulk water.
(A) APE,,, APE,,, and APE,,. (B) The sum of AU, and AU, as a
function of distance from the graphene—water interface. Adapted from
ref 456. Copyright 2021 American Chemical Society.
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Figure 45. Coarse-graining models. (A) Topology of a coarse-grained water model. Adapted from ref 131. Copyright 2018 American Physical Society.
(B) EQT predictions of the center-of-mass concentration of water and potential profiles in a 76 graphite/water channel, where ¢ is the distance at
which the intermolecular potential between carbon and oxygen is zero. The lines are the EQT results, and the circles are all-atom MD results. Adapted
from ref 557. Copyright 2012 American Chemical Society. (C) Thermodynamics of water inside CNTs of ten different diameters using the SPC-E
(black squares), M3B (blue triangles), and mW (red circles) water potentials. (top) Free energy as a function of CNT diameter. The coarse-grained
mW water model tracks the SPC-E modal for the single-file, 0.8 nm CNT. The M3B model has unfavorable free energies for all CNT diameters studied.
(bottom left) Enthalpy as a function of CNT diameter. The tetrahedral H bonding in the mW model gives a good match to the SPC-E results, whereas
the loss of model bonding in the M3B results leads to unfavorable enthalpies for all CNT diameters. (bottom right) Entropy as a function of CNT
diameter. The mW results track the SPC-E results, except for the 0.8- and 1.0-nm-diameter CNTs, for which rotational entropy is found to contribute
to the total entropy by as much as 40—60% in SPC-E water. Adapted from ref 79. Copyright 2011 National Academy of Sciences.

water molecule in the first hydration shell of an ion at the
graphene—water interface is transferred to bulk water.**’
Transferring a water molecule from the first hydration shell of
an ion at the graphene—water interface to bulk water is favorable
for chaotropic ions, but is unfavorable for kosmotropic ions.
This conclusion is supported by the AU, and AU,,, data in
Figure 44B. MD simulations at model superhydrophobic and
superhydrophilic surfaces, which provide asymptotic limits for
the water densities and orientations possible at any solid—water
interface, demonstrate that ion-specific effects are primarily
governed by an interplay between the ion—water and water—
water interactions, regardless of the nature of the solid—water
interface.**°
Although the polarization energy of an ion at a planar solid—
water interface is greatly reduced due to the presence of water,
there are important situations in which, due to steric constraints,
there are not enough water molecules to screen the polarization
energy. The confined environment inside an SDN is one such
example, as will be discussed in section 4.3.1. Further, for 2D
materials, such as hBN and transition-metal dichalcogenides
(TMDs; e.g., molybdenum disulfide), in which the electro-
negativity difference between the constituent atoms results in
these atoms possessing permanent multipoles (e.g., boron and
nitrogen atoms in hBN possess partial atomic charges), classical
electrostatic interactions between the 2D material and water can
also play an important role in dictating interfacial phenom-
na.""#*?75%* Indeed, by comparing the frictional and wetting
behavior of several polar (water, ethylene glycol) and nonpolar
(diiodomethane) liquids on hBN using MD simulations, Govind
Rajan et al.>>* reported that the electrostatic interactions

2778

between hBN and the polar fluids can impact the fluid friction
coefficient significantly, whereas the influence of these
interactions on the fluid contact angle was found to be rather
small. Therefore, it would be interesting to investigate how
electronic polarization effects get coupled with classical
electrostatics in this class of 2D materials, which includes hBN
and other TMDs.

Finally, in addition to the modeling of electronic polarization
effects using the classical Drude oscillator model, other
approaches have also been used to describe the polarization
interactions of ions and water molecules at solid—water
interfaces. For example, Son and Wang used a methodology
based on the implementation of the classical image-charge
method in an MD framework to investigate the adsorption
behavior of ions at charge-neutral and charged solid—water
interfaces.”>> Machine-learning-based approaches can also be
used to describe polarization interactions, as illustrated in a
recent study by di Pasquale et al, who developed a neural
network potential that outputs the charge distribution in the
solid given the configurations of the ions and the water
molecules as inputs.”™® All of these recent modeling tools
introduced to describe many-body polarization effects at planar
solid—water interfaces go well beyond the pairwise additive
potentials typically used to describe water—solid and ion—solid
interactions. It will be important to compare and contrast the
results of these newly introduced modeling frameworks as
applied to electrolytes confined inside SDNs, as polarization
effects in these systems are expected to be more pronounced
than at planar interfaces.
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3.4. Coarse-Graining Methods

The methods discussed in section 3.3.2 are useful in bridging the
time and length scales needed for the study of nanofluidics. To
study dynamic processes that occur on even longer time scales
(microseconds and more), coarse-graining methods are
essential to reduce the computational cost. An example of a
coarse-graining method used in nanofluidics is modeling a water
molecule as a dipole, instead of using an all-atom model."*! This
method (Figure 45A) accurately captures properties of the
liquid that are important for nanofluidics, including the dipole—
dipole fluctuations and the dielectric properties.

Coarse-graining models are able to predict a variety of other
properties relevant to nanofluidics, including densities and free
energies. One such model™’ (Figure 45B), which is based on
empirical-potential-based quasi-continuum theory (EQT),
replaces one water molecule with one particle bead. This
model was developed to capture the dynamics and structure of
water accurately near graphite and silicon interfaces. Some
coarse-grained models are also able to capture hydrogen-
bonding effects in water,”” including accurately determining the
free energies, enthalpies, and entropies of water confined in
CNTs of different diameters (Figure 45C). This work compares
the results using an all-atom model (SPC-E), a single-particle,
two-body model (M3B), and a single-particle, three-body model
(mW) for water. The force-field parameters in all of the models
were adjusted to reproduce the cohesive energy and density of
water at 300 K and 1 atm. The water—carbon interactions of the
mW and M3B models were further adjusted to have the same
interaction energy as the SPC-E model. Coarse-graining has also
been successful in reproducing electrokinetic phenomena, such
as charge inversion®>® and the formation of EDLs™**™>°" at
interfaces. A recent coarse-grained MD study by Noh et al.***
explored the origin of the power-law dependence of ion
concentration on the surface conductance that is observed in a
wide variety of experimental nanofluidic systems. This power-
law dependence arises due to the inability of the net charge in the
solution to maintain electroneutrality, which leads to charged
nanopores. In addition to models of water, coarse-graining
methods describing interactions in biological systems have been
developed to study dynamics at larger time and length scales.
MARTINI*® is one such force field developed for this purpose,
and is currently used for most types of biological molecules,
including lipids,”* proteins,”** and carbohydrates.”*®

Classical MD and coarse-grained MD have been able to
corroborate the power-law dependence of conductivity on the
ion concentration observed in various SDN experi-
ments.”>”*°>*%7 Extensive simulations have been performed
for various diameters and lengths of SDNs to identify the
physical origin of the power-law dependence.”® In addition,
length-scale studies were performed to study the transport
enhancement observed in SDNs as a function of their length.”*®
These large-scale simulations showed that entrance/exit effects
at the mouth of the SDN contribute to the flow enhancement
observed in experiments.

3.5. Continuum Methods

Nanoconfined fluids exist in a regime in which simple classical
continuum descriptions, including common assumptions made
. . .| 417,427,569—572

in those continuum approaches, can fail. For
instance, from an electrostatic perspective, the mean-field
approximation fails to describe the local correlations of ions

. 394,573 . .

and water at an interface,” '~ and the dielectric profile at an
. . . . . 574 .
interface is nonuniform and anisotropic.””” Furthermore, at high
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ionic concentrations, overscreening of surface charge leads to
long-range decay of alternating layers of ionic charge.””> From a
hydrodynamic perspective, properties such as the viscosity and
the surface friction coeflicient are strongly related to the
confinement dimension.*”®

Despite the above caveats, extreme confinement does not
necessarily rule out the use of continuum approaches. Treating
extreme confinement requires modified continuum frameworks
that seek to capture the spatial variation of transport properties
and the finite size, correlated structure, and/or the specific
environmental interactions of molecules.*”” Such continuum
approaches have the advantage of being relatively computation-
ally inexpensive, and may provide simple formulas for the
properties of an electrolyte fluid at an interface or confined
between interfaces. The simplest forms of modifications are
based on the LDA, in which the steric effects of the finite size of
the ions’””°’® and other short-range interactions’’’ are
represented in terms of the local densities of ions. Although
these simple theoretical approaches can explain trends in
electrochemical measurements at high ionic concentrations or
high voltages, these methods cannot reproduce the formation of
alternating layers of charge and mass at the interface.

To describe the impact of electrostatic correlations on EDL
structure, Bazant et al. proposed a higher-order Poisson
equation that can describe the phenomena of overscreening,
charge inversion, and like-charge attraction. 7% At high ionic
concentration, the effective screening length in these theories
begins to increase with concentration when the Debye length
becomes smaller than the ion size,®* as demonstrated
experimentally in SFA measurements.”*>>*° These findings
suggest that the EDLs may extend farther into the bulk at high
ionic concentration than the conventional Debye length,
heightening the influence of the ELD in confined systems at
high ionic concentration.

Furthermore, many theoretical approaches assume that the
system is a primitive model electrolyte, in which the ions exist in
a structureless medium of constant dielectric constant. Solvent
molecules have finite sizes, and dipole moments and respond to
the local electric field. The polarization of water can be
incorporated into mean-field models to capture the response to
local electric fields.*®" 5> Taken together, these modifications
describe confined electrolyte fluids by taking correlations and
finite size into account. Although these models may need
parametrization and benchmarking by comparison to atomistic
simulations, this approach can offer strong predictive capabilities
both in and out of equilibrium.

In addition, complex, yet accurate, classical DFT describes the
local electrolyte structure within the EDL in terms of integrals of
the local ionic densities. Classical DFT has been applied to
confined electrolytes®***57375%5 to explore charge inver-
sion,””® electrokinetic conversion efficiency,”” charge neutrality
breakdown,””® the dynamics of concentrated electrolytes and
ionic liquids,”””°*° and capacitance.’”!

4. THERMODYNAMICS UNDER CONFINEMENT

The confinement of fluids in small channels gives rise to many
unusual thermodynamic phenomena. In this section, we review
several key thermodynamic and related considerations that
define the length scales at which fluid and ion transport begin to
deviate from classical, continuum descriptions. For a more
detailed discussion of these limits and the accompanying
theoretical framework, we refer the reader to two reviews by
Bocquet and co-workers.”*”
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4.1. How Small is Small: Confinement and Scaling Effects in
SDNs

Figure 46 shows approximate size ranges over which nano-
confinement affects specific aspects of liquids and electrolyte

lon correlation is important

dynamics not valid
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Figure 46. Length scales at which nanofluidic phenomena become
important from a thermodynamic perspective. The red band indicates
the SDN size range.

solutions. As a rule of thumb, a continuum thermodynamic
description should begin to fail when individual fluctuations can
no longer be ignored. A crude estimate of this threshold can be
obtained from the size of the system at which fluctuations start to

become important. Given that fluctuations scale as JN , if we
somewhat arbitrarily set this fluctuation threshold at 1%, then a
system with 10 000 individual molecules or fewer can no longer
be considered to meet continuum predictions. As a point of
reference, an ensemble of 10 000 water molecules at the density
of the bulk liquid translates into a sphere having a radius of ~6.5
nm. Alternatively, the same number of water molecules will fill a
10 nm long cylinder with a 3.1 nm radius,”* clearly indicating
that fluctuation effects are important in all SDNs.

The size threshold for the breakdown of continuum
hydrodynamics can also be estimated using an argument
advanced by Bocquet et al.”' These authors suggested that
this threshold is given by the size limits of the Navier—Stokes
equation, which break downs when the hydrodynamic time scale
defined by the kinematic viscosity becomes comparable to the
molecular time scale, 7.. The critical size, [, is then given by
.~ /-7 If one assumes that 7. & 1 ps, then this equation

predicts that continuum hydrodynamics breaks down below a
surprisingly small size of 1.4 nm. This threshold can be better
understood if we also consider the structural changes that occur
in liquids when confinement begins to approach the nanometer
scale. A series of pioneering SFA experiments by Israelachvili
and co-workers revealed that liquids in 2D confinement between
two mica surfaces begin to show distinct layered structuring
when the separation of the surfaces approaches the size of the
molecules comprising the liquid.”>* For small-molecule liquids
with intermolecular interactions that are not as directional as
those in water, layering can appear at even longer distances.®® In
the case of 1D confinement, water in CN'T's remains bulk-like for
pore diameters larger than 1.4 nm; below this limit, water begins
to arrange in semiordered conﬁgurations,79 culminating in the
single-file chains observed inside sub-1 nm diameter CNTs.*
Semiordered configurations have also been reported for water in
2D coél(}gmement between two graphene sheets that are 1.4 nm
apart.

2780

Similar confinement scales arise for ion-transport phenomena.
Debye screening in a channel with charged walls leads to perhaps
the simplest estimate of scale, i.e, when the Debye layers
originating from the channel walls begin to overlap. For a 1:1
aqueous electrolyte at a physiological concentration of 150 mM,
this threshold channel radius corresponds to ~1.6 nm. A more
accurate estimate®”” considers the relative contributions of the
surface ion transport to the bulk transport, which is defined by
the Dukhin length

lDu = Z/p (16)

where X is the surface charge density of the channel walls and p is
the bulk ion-charge density. Surface transport would then
dominate the bulk contribution for channels narrower than I,
which could range from 1.2 nm to hundreds of nm for typical
nanopore materials and electrolyte concentrations.”' An
important correction to these estimates considers slip effects
at the channel boundary, which can further enhance the surface
transport contribution to ion transport. In this case, the relevant
parameter is the modified Dukhin length:***

Py = bolp,/lge (17)

where b is the slip length and [ is the Gouy—Chapman length.

Another scaling estimate is obtained by considering the ion-
correlation effects that arise in small channels and nanopores.
Incomplete ion screening in a channel bound by a medium with
alower dielectric constant leads to the existence of an additional
electrostatic potential, which in turn can be used to define an
interaction energy between two ions in the channel. For a
situation in which a low-dielectric medium (& = 2) confines a
water-filled channel (¢ ~ 81), this energy is larger than the
thermal energy kT for channels smaller than ~7.5 nm.

These estimates indicate that most, if not all, SDNss fall into a
distinct nanofluidic regime in which the physics of ion and water
transport should exhibit significant deviations from bulk
descriptions, and in which phenomena such as fluid structuring,
surface transport, and ion correlations are important.

4.2. Impact of Dimensionality

The properties that specify the thermodynamically stable states
of a system are among the most important when studying
nanofluidic systems. The sign of the free energy determines
whether a process is favorable. The Helmholtz free-energy
change at constant temperature is defined as AA = AU — TAS.
Both the internal energy and the entropy in a confined system
are different from their bulk counterparts due to the influences
that reduced dimensionality, surface effects, and other confine-
ment-related phenomena have on the degrees of freedom in the
system.

4.2.1. The Thermodynamics of Confined Water. As an
example of the impact of dimensionality, we consider the
thermodynamics of the filling of CNTs with water, which has
been studied with both experiments and simulations.””®’
Although CNTs are hydrophobic, water can fill CNT nanopores
spontaneously. As discussed above, an early MD investigation
showed that water molecules fill a hydrophobic, (6,6)-SWCNT
by adapting a single-file configuration that allows only two
hydrogen bonds per water molecule.”” This finding appears to
be counterintuitive from a thermodynamic perspective. From an
energetic standpoint, the number of the hydrogen bonds per
water molecule inside sub-nm diameter CNTs is generally
smaller than that in the bulk, and so favorable water—water
hydrogen-bond interactions in the bulk are replaced by less

https://doi.org/10.1021/acs.chemrev.2c00155
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Figure 47. Thermodynamic properties of water inside CN'Ts. The change in (A) the Helmholtz free energy and (B) the entropy for taking water from
the bulk to confinement in CNTs of different diameters. The inset in (B) shows the rotational and translational contributions to entropy as a function
of CNT diameter. (C) The change in enthalpy for taking water from the bulk to confinement in CNTs as a function of the average number of hydrogen
bonds per water molecule. Adapted from ref 79. Copyright 2011 National Academy of Sciences.
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Figure 48. Transferring K* from the bulk into a CNT. (A) Schematic of a 0.8 nm diameter CNT (blue carbon atoms), a K* ion (tan), and water
molecules (red and white). The electronic polarization of one carbon atom is illustrated as a displacement between the DC (blue) and the DP (yellow).
The DC—DP bond of the carbon atom has been magnified by a factor of 25 for clarity. (B) The Helmholtz free-energy change when a K* ion is
transferred from the bulk solution to depth z in the CNT. Adapted from ref 613. Copyright 2021 Massachusetts Institute of Technology.

favorable water—carbon interactions inside the CNT. From an
entropic standpoint, the reduced configurational space in
confinement is expected to be unfavorable compared to bulk
water.

The origin of this unexpected stability of water in hydro-
phobic CNTs has been widely discussed in the literature. For
example, MD simulations using the two-phase thermodynamics
method were performed to estimate the entropy of water
molecules confined in CNTs with diameters in the range of 6.9—
10.8 A.°” The confined water molecules appeared to have a
greater rotational entropy than those in the bulk.””’ Interest-
ingly, the largest entropy difference was found for the narrowest
pores studied. These simulations provided clear evidence of a
more thermodynamically favorable state of water confined in
narrow CNTs relative to bulk water.

As shown in Figure 47A, AA for transferring water from the
bulk into CNTs with diameter <1.3 nm is negative.”’
Furthermore, the organization of the water depends on the
CNT diameter and chirality. The filling of the CNTs, and the
novel structures of the confined water, arise from both entropic
and enthalpic effects under confinement. For instance, as shown
in Figure 47B, the entropy of water confined in sub-1-nm-
diameter CNTs is more than 30% higher than in the bulk
liquid.”” This entropy gain arises from the absence of the
tetrahedral hydrogen-bonding framework that characterizes
bulk water, as well as from the smaller number of hydrogen
bonds per molecule. Together, these effects give the confined
water higher rotational and translational entropies than the bulk
liquid. An interesting exception is CNTs with 1.1- and 1.2-nm
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diameters, in which water forms an ice-like structure, and the
entropy is lower than that of bulk water.

Figure 47C shows how AU for taking water from the bulk to
confinement in a CNT depends on the CNT diameter. The free
energy is determined primarily by the average number of
hydrogen bonds per water molecule. As shown in Figure 47C,
only inside the 1.1 and 1.2 nm CNTs does water make a larger
number of hydrogen bonds than in the bulk due to the
aforementioned ice-like structure CNTs of these diameters. For
other CNT diameters, water makes fewer hydrogen bonds than
in the bulk, so there is an enthalpic penalty for confinement. This
type of analysis provides a general framework for studying the
thermodynamics of nanofluidic systems, including the effects of
parameters such as geometry, temperature, pressure.95

4.2.2. Effect of the Dimensionality of Confinement on
the Electrostatic Screening of lonic Charges. The
electrostatic screening of ionic charges depends sensitively on
the dimensionality of confinement, and is determined by the
balance between entropic mixing and the electrostatic free
energy.608 In dilute bulk solutions, the ionic charges are screened
at the scale of the Debye length, which depends inversely on the
square root of the ionic concentration. In confinement, the
balance between entropy and electrostatic interactions is altered,
and depends on the dimensionality and geometry of the
confinement. In 2D confinement, the effective screening length
for an ionic charge, or charges, on the pore walls is longer ranged
than in the bulk, but the concentration dependence remains
algebraically decaying. Remarkably, in 1D confinement, the
effective screening length diverges exponentially as the

https://doi.org/10.1021/acs.chemrev.2c00155
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concentration approaches zero.’”® In many cases, the effective
screening length can thus exceed the length of a nanopore,
breaking the classical assumption of local electroneutrality in
each cross section, and causing the integrated charge density of
the pore walls not to be equal the charge within the pore.

If a pore connecting two ionic solutions is not constrained to
electroneutrality, specific chemical interactions with the pore
walls can dominate the ionic selectivity. The notion of
electroneutrality breakdown is implicitly embedded in models
ofionic conduction in 1D biological or synthetic ion channels, in
which the ion transport is modeled as a chemical process that is
determined by energy barriers,"**”°'* without specific consid-
eration of ion charges, surface charges, or electroneutrality.
Furthermore, a unique ionic Coulomb blockade, in which ionic
pairing leads to nonlinear conduction characteristics, has been
predicted to exist in 1D channels.” Therefore, the dependences
of charge selectivity and ionic conductance on ionic
concentration are both expected to be significantly different in
1D versus 2D confinement.

4.3. Enhancement of Surface Effects in Reduced
Dimensions

4.3.1. Pronounced Role of Electronic Polarization
Effects on the Free Energy Barrier for lon Transport. As
discussed in section 3.3.2, electronic polarization effects can play
a major role in ion-adsorption phenomena at solid—water
interfaces. Nevertheless, the total polarization energy at a planar
solid—water interface is screened by 85% or more due to
cancellation effects resulting from the vectorial interactions of
the electric fields exerted by the water molecules and ions. In
contrast, inside SDN’s there may not be enough water molecules
to screen the electric fields exerted by the ions. For example, as
shown in Figure 48A, in a CNT with a 0.8 nm diameter, water
molecules and ions organize in a single-file manner. Hence, there
are hardly any water molecules in the radial direction to screen
the ion electric fields.

To explore the ramifications of electronic polarization effects
inside SDNs, MD simulations were carried out for a system
consisting of a 0.83-nm-diameter (8,4) chirality CNT embedded
in a lipid bilayer. Six COO™ groups were used to mimic the
negative surface charge expected at the CNT pore mouth at a
physiological pH of 7.5." The lipid molecules and the COO~
groups were modeled using the CHARMM36 force field.’"" The
change in the Helmholtz free energy when a K* ion is transferred
from the bulk solution to the interior of the CNT at a depth z
from the CNT entrance is shown in Figure 48B. The green curve
corresponds to the predictions from the polarizable force
field,**7#39%598%% 4nd the black curve corresponds to
predictions in which the electronic polarization effects are
neglected and the ion—CNT and the water—CNT interactions
are modeled using LJ potentials with parameters determined
using geometric-mean combining rules. A K* jon that enters the
CNT loses, on average, four to five hydration-shell water
molecules.'***'> However, the polarization stabilization more
than compensates for the dehydration penalty, so that from a
free-energy perspective it is favorable for K* to enter the CNT.
The total polarization energy, which is dominated by the ion—
CNT polarization energy, is estimated to be close to —25 kcal/
molin the CNT. Thus, such CNTs are expected to be permeable
to K', in agreement with experiments.1’13 Indeed, in a recent
study,”® electronic polarization effects are found to play a
prominent role in dictating K* ion transport through 0.8-nm-
diameter CNTs, including demonstrating a breakdown of the
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Nernst-Einstein relation due to two significantly different
mechanisms of K™ ion diffusion and electromigration in these
channels. In contrast, the predicted free-energy profile when
electronic polarization effects are neglected is strongly repulsive
(see the black curve in Figure 48B) which precludes any K* ion
transport and thereby, cannot explain the recent experimental
observations of K" jon permeation and transport through
narrow 0.8-nm-diameter CNTs. This in turn underscores the
importance of incorporating polarization interactions in the
modeling of electrolytes confined inside CNTs. It would be
interesting to explore the significance of electronic polarization
effects on electrolyte properties in other confined environments,
including nanopores composed of graphene and other 2D
nanomaterials.”*”>**

4.3.2. Electronic Effects in Reduced Dimensions. The
electronic properties of water and other liquids can be altered
significantly in SDNs. For example, first-principles simulations
showed that water molecules confined in (14,0)-SWCNTs
(diameter 1.1 nm) and (19,0)-SWCNTs (diameter 1.5 nm)
exhibit reduced molecular dipole moments relative to the bulk
value, by 9% and 7%, respectively.”'® This study also revealed
important interfacial effects on the electronic properties of liquid
water. For example, it was found that the dipole moment of the
water molecules in the radial centers of both types of CNT
remains close to that of molecules in bulk water. However, the
dipole moments decreases monotonically moving away from the
pore center toward the CN'T wall.”'® This reduction in dipole
moments under confinement is driven by the changes in the
water structure at the interface, ie., the presence of broken
hydrogen bonds near the CN'T wall.*"*

The collective behavior of the water dipole moments
influences the dielectric environment. Close to an interface,
the perpendicular component of the local dielectric constant of
water may be reduced from its bulk value of £ &~ 81 to a value of &
~ 2."%% At an interface, the dielectric “constant” is a spatially
varying tensor with different components normal to and parallel
to the interface.''****°7*%!% In the case of water, the parallel
component scales with the density of the liquid, which forms
layers near the interface. The normal component varies more
sharply within the first few layers of liquid, and even has
singularities. The water dielectric profile depends on the
hydrophobicity of the interface. Early studies investigated the
role of the nonlocal dielectric profile of water in bulk solutions
and at interfaces.”'®®"” Such solvent structuriné may affect the
activity of ions, not only in the bulk’*™°* but also in
confinement. Mean-field models that incorporate the polar-
ization of solvent molecules can reproduce the response of water
molecules to the electric field and ionic concentration variations
near the interface,”®” "> but do not capture the full complexity
of the water structuring. The impact of the dielectric profile on
ionic transport in SDNs remains an important area of
investigation.

Molecular polarizability is another important electronic
property of liquids. First-principles simulations showed that
the changes in the molecular polarizability of water molecules
under confinement are more complex than those of the dipole
moment.*'® For example, it was found that the polarizability of
confined water generally decreases relative to that of bulk water,
due to broken hydrogen bonds. However, this phenomenon is
counterbalanced by a polarizability increase resulting from the
interactions of the water molecules with the confining surface. In
particular, the average water polarizability in a CNT with a 1.1
nm diameter, in which all the water molecules are interfacial, is
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enhanced by ~3% relative to the bulk value. On the other hand,
in a CNT with a 1.5-nm diameter, the average water
polarizability is unchanged relative to that in the bulk.’'® In
this latter case, the average molecular polarizability reflects a
balance between lower polarizabilities for molecules in the
center of the pore (by ~15% relative to the bulk) and enhanced
polarizabilities (by ~23% relative to the bulk) for molecules in
the interfacial region.

Several studies have shown that the vibrational properties of
confined water are influenced by electronic effects at the
interface between confined water and a CNT wall, including
electronic charge-density fluctuations.’”>%*' For example, as
shown in Figure 49, it was found that the overlap of the z-
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Figure 49. Effect of electronic properties on the vibrational spectrum of
nanoconfined water. Comparison between the IR spectra of water
confined between two graphene sheets at a distance of 1.01 nm
obtained by MD simulations with classical potentials (red lines) and by
AIMD (black lines). The inset shows the vibrational density of states (v-
DOS, red) and the IR spectrum (black) of bulk water from classical MD
simulations, illustrating the differences between the MD and AIMD
arise from the treatment of collective effects in the latter technique.
Reproduced with permission from ref 621. Copyright 2009 American
Chemical Society.

electrons of graphene with the electronic charge density of water
molecules, which is responsible for important features in IR
spectra of water confined in narrow CNTs and graphene slit
pores, is absent in simulations that used classical potentials.”*!
Such studies point to the important effects of nanoconfinement
on the electronic properties of liquid water, and the need to
include these effects in next-generation force fields for the
simulation of confined liquids and solutions.

4.4, Confinement Effects on Electrolytes

Confinement can have a substantial impact on the thermody-
namic properties of electrolytes. Early work in colloid science
identified the repulsive electrostatic disjoining pressure between
like-charged surfaces which is caused by the overlap of EDLs, as
the mechanism for the stability of a colloid composed of like-
charged particles.'”"**>°*® The success of the EDL force
predictions led to the widespread application of mean-field,
dilute-solution theory to describe electrolytes in confine-
ment.®**** Even so, the specific properties of ions and solvent
molecules under nanoconfinement can affect the pressure
between surfaces, as well as other thermodynamic properties.
For example, the correlated structure of multivalent ions
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between charged surfaces can lead to the electrostatic attraction
of like-charged surfaces.*”#*7*3%19*® This phenomenon is
responsible, for instance, for the cohesion of cement paste, in
which divalent calcium ions under nanoconfinement bind the
layers of a calcium—silica hydrate gel. Furthermore, layering of
solvent and ions can lead to oscillating surface forces that cannot
be predicted by standard EDL theories.””” Molecular simu-
lations and modified theoretical approaches must be employed
to capture these effects.

Individual ions also experience free-energy barriers to
entering a charged nanopore. Changes in the solvation structure
and dielectric environment around the ions impart an energetic
cost to entering a pore of molecular dimensions,'**'*>¢25=631
Even in a dilute electrolyte solution, an ion must shed its
screening cloud to enter an SDN.®” Ton pairing is promoted
because dehydrated ions within the pore experience strong
electrostatic interactions. The extent of ion pairing increases
with increasing concentration.”*>*** Furthermore, ion adsorp-
tion to surfaces and association with surface groups can change
the surface properties of the nanopore. This process, which
depends on the ion identity and concentration, is known as
charge regulation, and depends sensitively on the extent of
confinement, +29/463,634—636

MD simulations of aqueous solutions confined in SDNs
generally indicate that a complex interplay between nano-
confinement and the intrinsic properties of ions determines the
solvation and transport properties of confined ions. For example,
first-principles simulations of LiCl and KCl solutions in a CNT
with a 1.1-nm diameter showed that the Li* solvation shell is
structurally resilient under confinement, maintaining a tight
tetrahedral coordination.’'® On the other hand, K* and CI~
exhibit a strong degree of desolvation relative to the bulk. The
oxygen coordination of K* decreases from 6.8 in the bulk to 5.4
under confinement, whereas that of CI™ decreases from 6.0 to
4.7 in a KCl solution and 5.5 in a LiCl solution. Similarly, Na*
was found to be partly desolvated in a CNT with a 1.5-nm
diameter, although the decrease in the coordination number in
the first solvation shell is weaker than those of K* and CI™.>'**"
This observation is consistent with XRD experiments,”*” which
showed that the hydration number of Li* in a CNT with a 2-nm
diameter is much more bulk-like than those of larger cations.

MD simulations with classical force fields have been employed
extensively to investigate ions confined inside SDNs. The use of
classical force fields enables a long simulation time, which is
required for a meaningful analysis of transport properties, and
also affords an advantage over first-principles approaches in its
ability to include or exclude various physicochemical inter-
actions at will. For example, a recent study that combined first-
principles and classical simulations of KCI and LiCl in CNTs
with 1.1- and 1.5-nm diameters showed that the inclusion of
both polarization and cation—7 interactions is essential for the
description of ion solvation under confinement, particularly for
large ions (K* and CI™) with weak hydration energies.638 This
study also showed that cation—7 interactions can significantly
influence the transport properties of ions in CNTs, particularly
for K', for which the simulations point to a strong correlation
between ion dehydration and diffusion. For a CNT with a 1.1-
nm diameter, it was found that the axial diffusion coefficients of
the cation and anion in KCI are similar, in contrast to their
counterparts in LiCl. This behavior arises from the strong
desolvation of K*, which leads to an enhanced coupling between
the counterions. These results point to the need for an improved
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understanding of ion pairing in SDNs and how this pairing
influences the transport of aqueous solutions in these systems.

Classical MD simulations also showed that, similar to the case
for water,”"” the mechanism of ion transport can be significantly
altered due to confinement effects,*® i.e., confined ions can
exhibit anomalous and anisotropic dynamic properties. For
instance, the component of the ion diffusion coefficient along
the axis of a CNT can be expressed as

D,, = (lz(t) — z(0)I)/2dt" (18)
where z(t) is the axial position of the ion at time ¢, the
dimensionality d = 1, and # is indicative of the mechanism of ion
diffusion. In particular, n = 0.5, 1, and 2 correspond to single-file,
Fickian, and ballistic diffusion, respectively. Simulations of a KCI]
solution confined in SDNs showed that the mechanism of ion
transport changes from Fickian in the bulk toward the single-file
diffusion limit under confinement.”*® The average value of n
decreased from 0.95 in CNTs with a 1.5-nm diameter to 0.8 in
CNTs with a 1.1-nm diameter. The simulations showed only
small differences in the value of n for different ions in the same
CNTs.

Finally, we stress that the inclusion of electronic polarization
effects, such as interfacial charge transfer and polarizability, is
critical for a proper description of ions confined inside SDNs, as
also highlighted above. Recent studies of alkali-metal ions in
narrow SDNs showed that larger cations exhibit stronger
interfacial charge transfer with the nanopores, and that the
charge transfer increases with increasing confinement.****
This finding indicates that the point-charge approximation that
is often employed in conventional MD simulations is not
sufficient for capturing either the electronic effects within the
EDL or the structural and dynamic properties of confined ions.

5. TRANSPORT UNDER CONFINEMENT IN SDNS

Section 2 discussed a number of the fabrication methods that
enable the creation of SDN model systems. We now examine the
effects of extreme confinement on fluid and ionic transport in
some of these systems. Specifically, we review transport in
microfabricated nanopores and nanochannels, fluidic diodes,
graphene capillaries, carbon nanotubes, and polymer mem-
branes.

5.1. Transport in Synthetic Nanopores and Nanochannels

5.1.1. Transport in Microfabricated Nanochannels.
Micro- and nanofabrication techniques enable a high level of
precision in the creation of nanopore systems, and can also
provide the ability to control fluid and ionic transport in
nanopores. The Debye length, Ap, is inversely proportional to
the square root of the ion concentration, C. In micrometer-sized
channels, the Debye length is generally much smaller than the
channel dimensions. The majority of the confined solution is
therefore shielded from the surface charge, and experiences no
electric potential. However, as shown in Figure 50, when the
EDL thickness is larger than the channel size (e.g., in nanoscale
channels with low ionic strength), the EDL from the two
surfaces will overlap in the channel, and the potential is nonzero
throughout the channel. The finite potential leads to an excess of
counterions in the nanochannel interior, such that ionic
concentrations in the channel differ from those in the bulk
solution outside of the channel.

The enhanced concentration of counterions and decreased
concentration of co-ions due to electrostatic interactions with
the surface charge in a nanometer-sized channel is called the
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Figure 50. Ion distribution and potential profile in nanochannels. (A) A
channel that is 200 nm wide and (B) a channel that is 20 nm wide. The
reservoir outside the nanochannels contains a 1 mM aqueous solution
of KCI. The net surface charge (the total of the native surface charge
and the Stern layer charge) is held at —1 mC/m? Adapted from ref 385.
Copyright 2015 American Chemical Society.

exclusion—enrichment effect.’*' This phenomenon depends on
the Debye length, the characteristic dimension of the nano-
channel, the surface potential, and the charge on the ion.
Overlap of the EDLs in a channel is the basis of permselectivity.

The EDL that forms at a charged surface results in an ionic
environment that is different from that in the bulk, and therefore
contributes to an additional conductance mechanism known as
surface conductance. Consider a negatively charged nano-
channel filled with a KCI solution. The total ionic conductance
G is the superposition of the bulk conductance and the surface
conductance:

G = e(uy + pe)CN\WH/L + 2p,,0W /L (19)

Here, the first term is the bulk conductance, the second term is
the surface conductance, W, L, and H are the width, length, and
height of the nanochannel, respectively, yy and ¢ are the
mobilities of the K* and CI~ ions, respectively, C, is the bulk
concentration, N, is Avogadro’s number, e is the elementary
charge, and oy is the surface charge.

Figure 51 shows ionic conductance data for a nanochannel of
known width and length as a function of the ion concentration.
The conductance depends linearly on the ion concentration at
high concentrations, for which the bulk conductance term
dominates. The value of H can be determined from the data in
this regime. There is a conductance plateau in the low-
concentration region, within which surface conductance
dominates.”*”®** The value of 65 can be determined from the
data in this regime. The transition concentration between the
two regimes is &1 mM. The Debye screening length at this
concentration is =10 nm, which is half of the designed
nanochannel height. The difference in the concentrations of
counterions and co-ions can also be calculated from such data
based on the electroneutrality requirement, and is given by 2lol/
eH.

5.1.2. Diodes. The device in Figure 51 can be thought of as a
concentration-controlled resistor. As researchers investigated
conductance in nanosized channels, it became clear that

https://doi.org/10.1021/acs.chemrev.2c00155
Chem. Rev. 2023, 123, 2737-2831


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00155?fig=fig50&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

107 F .
£ Cis Trans
Ve
108 F
@ L
@
2
-9
g 10
S £
° L
S C
3 L @ W=33 um
@ W=22 um
10710 L —— Fitting by ¢;=—2 mC m2
: /,’/ —— Fitting by 6;=—2 mC m2
r (/// - - -- Bulk conductance
’) - - -- Bulk conductance
10—” MWWWW

107 10° 10° 10* 10° 102 10" 10° 10’
KCI concentration (Molar)

Figure 51. Ionic conductance of an array of 11 nanochannels as a
function of ionic concentration. The inset is a schematic of the electrical
connections. The conductance was measured for two devices fabricated
using an identical process on the same wafer For the blue data points, W
=3 ym/channel - 11 channels = 33 gm, L = 100 ym, and H = 20 nm. For
the red data points, W = 2 ym/channel - 11 channels = 22 ym, L = 100
um, and H = 20 nm. The solid lines are the fitting curves, with o5 = —2
mC/m?% The dashed lines are the bulk conductance predictions.
Adapted from ref 252. Copyright 2011 Springer Nature.

nanofluidic analogues of other electronic elements could also be
created. Research on the role of surface charge in nanofluidic
devices led to the design of ionic devices, such as switches and
diodes,****** that function by breaking the electrochemical
symmetry of nanopores and nanochannels and taking advantage
of surface-charge-regulated ionic transport. Asymmetry can be
introduced, for example, by creating surface-charge patterns, or
by using asymmetric channel shapes.

Karnik et al.*** developed a process called diffusion-limited
patterning to create nanochannels containing a junction
between a positively charged zone and a neutral zone, as
shown in Figure 52A. The first step in the patterning of such
nanochannels is modification of the entire channel surface with
biotin. The channel is then incubated with a solution containing
avidin on one side, for the amount of time needed for the avidin

to diffuse through half of the channel length. The region of the
channel in which avidin is bound to biotin is positively charged,
and the remainder of the channel is neutral. These patterned
nanochannels exhibit current rectification, which is to say that
the current for a voltage V of one polarity is larger than the
current for voltage —V (Figure 52B). In particular, the current is
enhanced when the uncharged zone is at a positive potential
(forward bias), and is diminished when the uncharged zone is at
a negative potential (reverse bias).

Another approach to creating patterned surface charges
begins with conical nanopores with surface carboxyl groups that
imparted a negative charge. Surface-charge patterns can be
created by introducing a solution containing an amine and an
amide-coupling agent to one side of the membrane. The
resulting asymmetric modification with amides is facilitated by
the pore shape, which naturally induces an inhomogeneous
distribution of the modifying agent in the pore,"** and leads to
the formation of a sharp junction between the modified and
unmodified zones. This approach was used to fabricate a bipolar
diode based on ion current (Figure 52C.0864 Bipolar diodes
based on sub-10-nm nanopores exhibited rectification degrees
above 200, even under physiological conditions.

Structural asymmetry can also be used to induce ion-current
rectification in, as has been seen, for instance, in conical
nanopores with homogeneous surface charge.®*” Rectification in
conical nanopores was first observed by Wei et al.’”*” in an
experiment in which a voltage was applied across the 20-nm
opening of a quartz nanopipette immersed in a low-
concentration, aqueous KCl solution. Such rectifiers exhibit
higher conductance when the counterions are sourced from the
narrow opening and move toward the wide opening of the pore
than in the opposite case, as shown in Figure 53.°** Wei et al.
attributed the asymmetry of the current—voltage behavior to the
EDL at the quartz surface of the tip. They found that ion-current
rectification is only observed when the tip size of the nanopipette
electrode is comparable to the thickness of the diffuse double
layer. It is now generally accepted that rectification requires an
asymmetric EDL within the nanopore, producing an accumu-
lation or depletion of charge-carrying ions at opposite voltage
polarities.

5.1.3. Transistors and Other Devices. The transport
properties of nanochannels and nanopores can also be modified
by introducing gate electrodes to control the local surface
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Figure 52. Nanofluidic diodes. (A) Shown at the top is a schematic of a nanofluidic diode consisting of a nanochannel containing a junction between a
zone with positive surface charges due to bound avidin, and a neutral zone with no avidin. An epifluorescence image of such a nanofluidic diode is
shown at the bottom left; the emission arises from fluorescently labeled avidin. The nanofluidic channels, which are 120 ym long, 4 #m wide, and ~30
nm high, were fabricated using a sacrificial polysilicon process. The channel width was estimated from micrographs, and the channel height was
estimated from conductance measurements in 1 M KCI. The scale bar 20 ym. (B) A current—voltage curve, obtained with a 10 mM KClI solution,
showing ion—current rectification. (C) A current—voltage curve recorded for a 100 mM KCI solution in a nanofluidic diode created in a conical
polymer nanopore with a junction between zones of opposite surface charge (inset schematic). The device exhibits strong rectification. Adapted from

ref 404. Copyright 2007 American Chemical Society.
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potential, thereby creating nanofluidic field-effect transistors
(FETs). Fan et al. created such a device by integrating silica
nanotubes with two microfluidic channels and lithographically
defined gate electrodes (Figure 54).°*° In analogy to solid-state

Fused silica substrate

A

Figure 54. Nanofluidic field-effect transistor. (A) Schematic of a
nanofluidic FET based on a silica nanotube with a ~50 nm diameter.
(B) An optical micrograph of the device. S = source, D = drain, and G =
gate. Adapted from ref 649. Copyright 2005 American Physical Society.

FETs, the gate voltage in ionic FETs modulates the distribution
of electrostatic potential inside the nanotubes, thereby
modulating the concentration of charge carriers.

FETs can also be created using nanopores. As an example,
Nam et al. used a membrane consisting of a 30 nm TiN metal
gate layer sandwiched by two, 20 nm, Si;N, dielectric films.**’
Electron-beam lithography and reactive ion etching enabled the
formation of pores of a few tens of nm in diameter in these
composite membranes. Atomic-layer deposition of TiO, was
used subsequently to shrink the pore size with a highly
controllable and conformal film (Figure S5). The resultant
nanopore transistors had effective diameters below 10 nm, and
their conductance was controlled by a gate voltage applied to the
TiN layer.

Another approach to nanofluidic FETs takes advantage of
asymmetric placement of the gate,”” resulting in broken
electrochemical symmetry and ion-current rectification akin to
that observed previously in conical and chemically patterned
nanopores.éSFigure 56 shows a schematic of such an asym-
metrically gated nanochannel device schematic, along with its
current—voltage characteristics. The amount of rectification in
this particular device was small, but observable. Optimization of
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Figure 55. Schematic of a nanoporous, ionic FET. Ion transport
through the nanopore is controlled by the dielectric (TiO,, orange) and
the gate electrode (TiN, yellow), which are separated by a dielectric
(Si3N,, green). Adapted from ref 650. Copyright 2009 American
Chemical Society.

the architecture through integration of two independently
addressable gates, reduction of the native surface charge by
chemical treatment, and reduction of the channel height led to a
substantial improvement in rectification properties (Figure 57).
This system exhibited ion-current rectification with a fully
controllable direction, which cannot be accomplished in solid-
state systems.

Another variety of nanofluidic transistor is the ionic
equivalent of a semiconductor bipolar junction transistor
(BJT).% A representative such device consists of a single,
hourglass nanopore that contains two ionic diode junctions
(Figure 58). The surfaces at the entrances of the pore are
positively charged, whereas the middle of the pore is decorated
with negatively charged carboxyl groups. The positively charged
regions correspond to the emitter and the collector, whereas the
negatively charged region corresponds to the gate. If the opening
radius of the pore is comparable to the thickness of the EDL,
then at both voltage polarities, one of the diode junctions is
reversed biased, such that the device is in its closed
(nonconductive) state. The conductance state of the device
can be controlled chemically by changing the electrolyte
concentration or the pH, as both parameters influence the
surface potential of the pores, and therefore can be used to
determine the extent of the depletion zone. For example, at high
electrolyte concentrations, the three charged sections of the pore
become less ion selective, and larger currents are observed, in
analogy to the saturation of transistors.

Recently, a gated version of a nanopore BJT was realized.®>”
This device exhibited amplification, but with pore lengths of
hundreds of nanometers. A planar version of an ionic BJT has
also been demonstrated based on microchannels filled with an
ion-selective material.*>*

Following examples in biology and electronics, ionic circuits
composed of multiple diodes or transistors have also been
created. For instance, an ionic, full-wave rectifier was fabricated
by combining four ionic diodes based on biological channels.”**
Ionic logic gates and amplifiers have also been constructed by
combining ionic diodes and transistors.®>>%%>%%

5.1.4. Graphene Capillaries. As discussed in section 2.2.1,
within the past few years, it has become possible to use 2D
materials as atomicallgr flat and atomically precise spacers for
nanofluidic systems.”® The application of 2D materials is an
elegant solution to surface-roughness issues and fabrication
limitations. Figure S9A—C shows a representative device, in
which a sheet of graphene is used as an atomically precise spacer,
the thickness of which is determined by the number of layers of
graphene. The graphene then is track-etched to create channels,
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Figure 56. Current—voltage curves for a nanofluidic FET with an asymmetric gate. (A) Schematic of the FET device. (B) Current—voltage curves for
devices composed of 11, 2-um-wide channels that are 100 ym long and 20 nm high, using a 100 #M KClI solution and gate voltages as indicated. The
data display a dependence on the gate voltage. The inset electronic diagrams show schematically that the forward direction is switched by transitioning
from a positive gate voltage to a negative gate voltage. (C) Schematic of the control device, an ionic transistor. (D) Current—voltage curves for the
control device using a 100 M KCl solution. In this case, the gate voltage modulates the conductance, but no rectification is observed. Adapted from ref

252. Copyright 2011 Springer Nature.
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Figure 57. Rectification performance of the nanofluidic FET in Figure
56. The rectification ratios for such devices approach 100.

which are cladded above and below with graphite to form
capillaries.

When such a capillary is only a few layers of graphene high, the
ion transport behavior differs from that of the bulk solution. The
mobility of ions in capillaries of these dimensions decreases
drastically, and this effect is more pronounced for larger ions.
Figure 59D shows cation and anion mobility for a number of
metal chlorides in the bulk and in a graphene capillary. The
cation mobility in the bulk varies by a factor of ~2. However, in
confinement, the cation mobility varies by more than an order of
magnitude, and decreases monotonically with the bulk hydrated
diameter. This trend is a manifestation of the distortion of the
cation hydration shells, which becomes progressively more
energetically costly as the hydration diameter increases. The
mobility of the chloride ions is ~3 times smaller in confinement
than in the bulk, regardless of cation identity, due to the
interactions of these anions with the graphene. When the spacer
is a single layer of graphene, total steric exclusion is observed for
all cations other than protons."” Given the ability to tailor
capillary height with sub-nm precision using different 2D
materials with chip-level fabrication, this approach holds great
promise for new applications of nanofluidics.
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Figure 58. Nanofluidic bipolar junction transistor. (A) Schematic
diagram of a nanofluidic BJT composed of an hourglass-shaped pore
with negative surface charge in the narrowest region and positive
surface charges in the remainder of the pore. (B) Current—voltage
curves for such a device recorded at different bulk KCl concentrations.
Adapted from ref 651. Copyright 2008 John Wiley & Sons.

5.2. Transport in CNTs

As discussed above, CNTs are a well-defined 1D system for
studying nanofluidic transport. There are two key prerequisites
for studying transport through CNTs. The first prerequisite is
being able to open the nanotubes, because most synthetic routes
yield closed CNTs.*%%! Strategies for opening CNTs have
been pursued since the earliest days of research on these
materials. The second prerequisite is being able to fill the CNTs.
This issue is more subtle, as whether or not a CNT fills
spontaneously depends on factors such as the CNT diameter
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of theoretical and computational studies.

It was in this context that Hummer et al. conducted their
seminal MD simulations of water confined in a CNT,*” as was
mentioned above. They simulated water in a CNT with a 0.81-
nm diameter (Figure 60), and observed spontaneous and
continuous filling. They also found the water conduction rate
through the CNT to be on the order of 10 billion molecules per
second, which is comparable to the rate in aquaporin-1 (AQP1).
The water molecules in the CNT form a single-file chain (Figure

and the type of molecules to be inserted. CNT's were suggested
to act as “molecular straws,” capable of uptake of molecules from
the liquid or gas phases.””” Indeed, early studies reported
evidence for the capillary filling of CNTs with liquid

658,660
metals

and molten inorganic compounds.”®® The
propensity of CNTs to fill via capillary action was analyzed in
terms of wetting. Based on this analysis, fluids with a surface
tension greater than ~200 mN/m would not fill nanotubes.***

Although the surface tension of water (72 mN/m) is below this

limit, the CNT interior was widely assumed to be hydrophobic,
and thus capillary filling with this important liquid was deemed
unlikely. Meanwhile, studies provided evidence for the filling of
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60C), with an average of ~2 hydrogen bonds per molecule, in
contrast to the ~4 hydrogen bonds in bulk water. The hydrogen
bonds in confinement were found to be longer-lived and more
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oriented than those in bulk water, with the OH bonds nearly
aligned with the CNT axis. The strong hydrogen bonds were
also found to result in burst-like conduction through the CNT
(Figure 60E), via the correlated translocation of an unin-
terrupted water chain through the CNT within short segments
of time. During each burst, water transport faces little resistance
from interaction with the smooth CNT wall.

In the same year that Hummer’s simulations were published,
Gogotsi et al. reported an in situ TEM study that showed wetting
with an aqueous substance, which mainly consisted of water,
inside CNTs with larger diameters (Figure 61).°° Their

Figure 61. Liquid entrapped in a CNT. This TEM image shows liquid
entrapment within a multiwalled carbon nanotube. Adapted from ref
669. Copyright 2001 American Institute of Physics.

observations suggested the interior of a CNT is indeed less
hydrophobic than was initially anticigated, much in line with the
contact angle of water on graphite.”>* However, a more nuanced
picture of the filling of CNTs with diameters in the SDN range
has been proposed in which the dominant driving force varies
with diameter.”” Tt is now clear that CNTs can in fact
spontaneously fill with a large variety of fluids,*** setting the
stage for studying the transport of numerous different species
through CNTs.

Since the earliest experiments on mass transport through
CNTs,””" a number of different experimental platforms have
been developed to probe this phenomenon. Membranes with
aligned CNTs enabled the first studies that demonstrated
enhanced mass flux through SDN-diameter CN'Ts.””> These
studies reported water-flow rates that were orders of magnitude

larger than expected from continuum hydrodynamics (assuming
Hagen—Poisseuille flow), with extracted flow velocities on the
order of cm/s.”* The enhanced mass flux was attributed to finite
slip at the CNT wall, as opposed to the more common no-slip
boundary condition. In other words, water molecules in the
vicinity of the CNT wall are not at rest, but instead have finite
velocities. The slip length is defined as the distance beyond the
pore wall at which the extrapolated fluid velocity profile would
come to zero, and is found to be orders of magnitude larger than
the CNT diameter.””> This phenomenological description,
however, obscures the microscopic source of the flow enhance-
ment, which is the low friction between the liquid and the
smooth CNT wall. Flow enhancement is therefore better
described using a modified friction coeflicient. The wall
smoothness is also believed to be responsible for observed gas
flow rates in excess of Knudsen diffusion,” as specular collisions
of molecules with the CNT wall take on increased importance.
The enhanced selectivity observed in mixed-gas permeation
over single-gas permeation is taken to provide independent
evidence for non-Knudsen gas transport through CNT
membranes.””" Electrolyte permeation through CNTs has also
been studied,'” and cation-selective transport has been
demonstrated.">”” Platforms for the study of transport through
individual CN'Ts have also been developed.'®***

The main platforms currently being used to study transport in
CNTs are summarized in Figure 62, and consist of the above-
mentioned CNT membranes, arrays of ultralong CNTs, CNT
porins (short CNT segments embedded in lipid-bilayer
membranes), and CNT nanocapillaries. There are some key
differences among these different platforms, as summarized in
Table 1. In studies using any of these platforms, it is crucial to be

Table 1. Properties of the CNTs in the Major Classes of
Platforms Established for Studying Transport of Species

ultralong CNT CNT
property  CNT membranes CNT porins nanocapillaries
number of 10/m? to 1-5 mm 1-10 1
CNTs 10"/m?
CNT a few pym 1-500 ym 10 nm 0.1—-1 ym
length
CNT dependent on 1-2 nm sub-nm tens of nm
diameter synthetic route and
above

A B Epoxy structure

“;"““@

- .

— 20 UM

ultralong CNTs

CNT membranes

Bonding

< >(UV glue)

A

CNT porins

CNT nanocapillaries

Figure 62. Experimental platforms for transport studies through CNTs. (A) CNT membranes. Adapted from ref 2. Copyright 2006 American
Association for the Advancement of Science. (B) Arrays of substrate-bound CNTs. Adapted from ref 13. Copyright 2010 American Association for the
Advancement of Science. (C) CNT porins. Adapted from ref 1 (top) and 53 (bottom). Copyright 2006 American Association for the Advancement of
Science and 2014 Springer Nature, respectively. (D) Individual CNT nanocapillaries. Adapted from ref 75. Copyright 2016 Springer Nature.
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able to demonstrate the exclusion of transport through any
pathway other than the CNT interior. Unlike pores drilled into
impermeable, solid-state membranes,®”> it is challenging to
create leak-proof seals for CNTs and other premade pores in a
matrix. It is equally challenging to prove the absence of leaks;
evidence for transport solely through the pore interior must be
provided, with the measurement of ionic blockade currents
being one of the most direct means of demonstration.'’
Additional evidence may arise from molecule—pore, interac-
tion-induced optical signatures.”” Defining and determining the
pore size relevant for transport in these systems is another
central, yet often nontrivial, task. As a few examples, size-
exclusion assays have been used for CNT membranes,””*
vibrational spectroscopy for arrays of ultralong CN'Ts,"® purified
and precharacterized CNTs as starting materials for CNT
porins,l’ls"%’433 and direct electron microscopy for CNT
nanocapillaries.”> Given the difficulty in preventing leaks, the
CNT diameter should not be inferred from transport character-
istics if the goal is to study transport. Other features that can
affect transport include functional groups at the pore mouth and
defects in the CNT. The characterization of the role of such
features remains an experimental challenge, as does measuring
the flux through CNTs at, or near, the level of individual
nanotubes.

5.2.1. Aqueous Systems. We next consider water, protons,
and ions, species of particular interest for transport through
CNTs. As an emerging, common thread, transport character-
istics depend on the CNT diameter in a nonmonotonic fashion
in the few-nm to sub-nm diameter range, in which the
continuum assumption breaks down. In the following, emphasis
is placed on the passive transport characteristics of CNTs, but
prospects of these materials as active transporters are also
highlighted.

Experiments show that water enters open CNTSs sponta-
neously for all diameters greater than or equal to the 0.55 nm
diameter of (5,3)-SWCNTs.”” Thus, water transport in all
CNTs with diameters larger than the threshold set by the
physical size of a water molecule seems possible. Due to
confinement effects, the water transport characteristics vary with
CNT diameter. Below a critical diameter of d;  ~ 1 nm, water
molecules inside a CNT form a single file. Above another critical
diameter d i cont > derirsp Water starts to behave in a continuum
(bulk-like) manner. As d increases from the single-file limit
toward the continuum limit, a sequence of distinct water
ordering configurations is observed that is characterized by
substantial radial density variations. The single-file ordering
develops into a shell, and then into a shell with an interior file,
and then into two concentric shells, and so on.”” The larger the
diameter, the more these variations blur, and the more that water
(away from the pore wall) assumes its bulk ordering. Therefore,
monotonic trends in water transport properties are expected for
d > d it cony and nonmonotonic trends are expected for d <
it cont- Although there is no consensus as of yet regarding the
value of dj cony this diameter is likely a few times the size of a

water molecule. A value of 1.39 nm has been proposed for
dcrit cont'676

Water transport in CNT's has been the subject of extensive

. . .. 1,2,73—75,677—686 .
experimental investigations, most of which
involved CNT membranes, >’ 7870800827086 Thege  studies
investigated water flow through CNT's that were subjected to an
axial pressure gradient. A common finding in such studies is that
the measured water flow rates are higher than classical

2790

hydrodynamic estimates. The water flow enhancement, which

is given by

E= Q—measured/Q—no—inp (20)
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Figure 63. Flow enhancement in CNTs. Experimentally determined
values for the water-flow enhancement with respect to Hagen—
Poiseuille estimates.

is particularly large for CNT's with d < 10 nm, for which reported
values exceed 10 000 (Figure 63).”>%*%**~%% Here, Q,,casured i
the observed volumetric flow rate,

R’ 0P

Qno—slip= 8y oz

(21)
is the volumetric flow rate estimated from the Hagen—Poiseuille
equation with a no-slip boundary condition, R is the radius of the
CNT, here defined from the tube center to the first carbon shell
(different definitions have been used in the literature), and 7 is
the fluid viscosity.

As discussed above, the flow enhancement has largely been
attributed to reduced fluid friction at the CNT wall, which
causes water molecules adjacent to the wall to acquire a finite
axial velocity. A finite slip length, L,, which is a measure of the
virtual distance beyond the CNT wall at which the axial flow
velocity reaches zero (Figure 64A), can be defined approx-
imately as
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Figure 64. Water transport through CNTs. (A) Radial velocity profiles
for Hagen—Poiseuille flow with no-slip (left) and slip (right) boundary
conditions. (B) MD simulation results for water confined in CNTs of
different diameters. The upper row shows cross sections of
representative configurations, and the lower row shows radial density
profiles. Here, p, is the bulk density and D is the nearest-neighbor
carbon-to-carbon distance. Adapted from ref 675. Copyright 2018
Elsevier.

v(r)

Ls = |r=R
dv/dr (22)
Here, the radial velocity profile is
2 2 2L
v(r) = L P r_2 + — 9®
4u R R Joz (23)

Interestingly, the observed variations in the flow-enhancement
factor E cannot be explained using a unique value of L. E is small
in CNTs with large diameters and large in CNTs with small
diameters (Figure 63). Reported values of L, follow a similar
trend, ranging from 17 nm for a 100-nm-diameter CNT”®
(which is comparable to the value of 30 nm reported for water
slip on graphene687) to 53300 + 14500 nm for a membrane
composed of 7-nm-diameter CNTs.”®® The phenomenological
slip-flow picture does not explain this diameter dependence of
L, or why similar flow enhancements are not observed in boron
nitride nanotubes.” This simple model also does not take into
account the effect that confinement has on the properties of
water.

Theoretical efforts have contributed to a more nuanced,
microscopic description of water transport in CNTs. Although a
relatively consistent picture has emerged, models so far have
failed to reproduce some aspects of the available experimental
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data, and in particular the large flow enhancements reported for
membranes composed of CNTs with diameters in the 4—10 nm
range (Figure 63). Water inside CNTs displays radial density
variations that are particularly pronounced in proximity to the
CNT wall, and that depend on the CNT diameter (Figure
64).50°07,687.589 The carbon—oxygen and oxygen—oxygen van
der Waals interactions are believed to be responsible for this
layering.®®” Water molecules adjacent to the wall form a lesser
number of hydrogen bonds than do the other confined water
molecules. The orientation and organization of water molecules
near the wall are dictated by a potential landscape that depends
on the CNT curvature and the sp® carbon lattice. For CN'Ts with
large diameters, the water organization near the wall mimics the
structure of the carbon honeycomb lattice.”””**” For the
smallest CNT diameters, the water organization is not correlated
with the carbon lattice, because the curvature of the CNT
smoothes the potential experienced by the confined water.”*”**
On the other hand, the relative orientations of water molecules
are largely bulk-like in CNT's with large diameters, but are more
strongly correlated in CNTs with small diameters. For CNTs
with the smallest diameters, in which water takes on a single-file
organization, water transport can be viewed as a collective,
highly concerted ballistic motion that is mediated by long-lasting
hydrogen bonds.*”*?' ~¢%*

Pressure-driven water flow in CNTs has been studied with
MD simulations. The results of such simulations depend on
factors such as the water model used, and so far systematic
agreement between simulations and the available experimental
data has not been achieved (as can be seen from a comparison of
Figures 63 and 65A). Nevertheless, MD studies of pressure-
driven water flow in CNTs have reached some notable
conclusions. For example, the work of Thomas and McGaugh-
ey®70087 suggests that there is a continuum-to-subcontinuum
transition for water flow in CNTs at dgcone = 1.39 nm. For
CNTs with d > d_;; conw they find continuum hydrodynamics to
describe the simulated flow rates well if both the slip length and
the viscosity are dependent on the diameter.””**®” In this limit,
the flow enhancement factor is expressed as”*’

E= (1 + SLS(d)/d)ﬂbqu/l’](d) (24)
where 7,y is the viscosity of bulk water. As the diameter
increases, y(d) increases and Ly(d) decreases, the latter
following the empirical relation

L(d) =L,y + c/d’® (25)
where L, ., & 30 nm is the slip length of water on a flat graphene
surface and c is a fitting parameter.”” Based on these equations,
E is expected to decrease monotonically as d increases, as seen in
Figure 65A. Such a trend has indeed been observed in
measurements on individual CNTs with d > 30 nm (dark-
blue data points in Figure 63).”

In CNTs with d < dgj o the confinement-induced
structuring of water becomes important, and a continuum
description is not possible.”’® Thomas and McGaughey
observed a nonmonotonic dependence of E on the CNT
diameter in this regime. The largest values of E were observed for
the smallest CNT diameters (Figure 65A), despite the fact that
the water permeability depended monotonically on d in the
same regime.676 So far, there is only one experimental study on a
number of individual CNTs with d < 2 nm, in which a
nonmonotonic trend in E(d) has been observed (data points
from Qin et. al in Figure 65A).”*
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Figure 65. The dependence of key water-flow parameters on CNT
diameter, based on MD simulations. (A) The flow-enhancement factor
E, (B) the friction coefficient 4, and (C) the viscosity 7. The data points
are from MD simulations and theoretical work.

The breakdown of continuum hydrodynamics motivates an
analysis in terms of the friction coefficient 4, rather than the slip
length.”® The two quantities are related via the viscosity:

Ly=n/2 (26)

However, when L; > d, the hydrodynamic permeability « is
dominated by surface effects, such that

k = nd’/164, (27)

the friction coefficient is the physically more relevant
parameter.”” In analogy to the case made above for the slip
length, A varies with CNT curvature. The friction coeflicient
decreases with decreasing diameter, and is even predicted to
vanish for d < 0.8 nm, in a phenomenon known as superlubricity
(Figure 65B).°”" The curvature dependence of 1 has been
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attributed mainly to a weakening of the water—carbon
interaction as d decreases, due to an increasingly incommensu-
rate water—carbon structure.””” The exact origin and character
of superlubricity, however, remains to be understood better.

The pressure drops at the inlet and outlet of a CNT also
impart a length dependence on E. These entrance and exit losses
dominate E in CNTs with lengths in the submicrometer range,
but are negligible in long CNTs.””¢75957%%8 Within a
continuum hydrodynamics picture, the total pressure drop can
be written as®’ ¥

AP = 87CQ/r* + 8yLQ /x(r* + 4r°L,) (28)
where the first term on the right is the pressure drop due to
entrance and exit losses, the second term is the pressure drop for
Hagen—DPoiseuille flow, r is the pore radius, and C is the loss
coeflicient. Equation 28 has been evaluated for 2-nm-diameter
CNTs with lengths up to 2 um, based on intensive MD
simulations®”” To reduce computational cost, multiscale
approaches are being explored®”” that combine MD simulations
in characteristic domains (the central region of a CNT and the
entrance and exit regions) with a continuum flow-resistance
model to compute volumetric flow rates through laboratory-
scale membranes (Figure 66A,B). Such hybrid modeling tools
are valuable, particularly given that CNT membranes with areas
of 60 cm?® have now been demonstrated.”*

It is worth noting that Hagen—Poiseuille theory can be
extended by taking into account the diameter- and length-
dependence of all relevant hydrodynamic properties. In an ideal
extended Hagen—Poiseuille theory, there would be no enhance-
ment factor. Heiranian and Aluru proposed such an extension,
and derived the following expression for the volumetric flow rate
through a CNT:"”’

Q = (0P/0z)-n(r* + 4r’p(L, r)/A(L, 1)) /8n(L, ")LDagan
(29)

where Lp,,., = L + 37r/8 characterizes the effective hydro-
dynamic pressure drop length.””” Analytical expressions for the
size-dependent viscosity #7(L,r) and friction coefficient A(L,r)
have been derived,”’ each containing separate contributions
from the end regions and from the bulk region of a CNT. The
extended Hagen—Poiseuille theory has been gauged against MD
simulations paired with Green—Kubo relations to evaluate both
n(L,r) and A(L,r), achieving promising agreement with a subset
of data from experiments and simulations (Figure 66C).”” The
sub-nm diameter regime, however, in which single-file water
transport is achieved, remains beyond the scope of this theory.

Two promising experimental routes to studying the single-file
transport regime have emerged. The first approach uses
individual, substrate-bound CNTs.”* In the second approach,
10-nm-long CNT segments that are based on single-chirality-
enriched CNT powders with narrow diameter distributions are
embedded in lipid-bilayer membranes or vesicles to create CNT
porins (Figure 67)."°>**® Osmotic-pressure-driven water trans-
port through CNT porins has been studied as a function of
temperature and pH, as well as in the presence of cosolvents.
CNT porins with a diameter of ~0.8 nm were found to
outperform the water permeability of AQP1. Going from pH =
7.8 to pH = 3 increased permeation rates by almost an order of
magnitude (Figure 67B). This phenomenon has been attributed
to the protonation of the carboxlyl groups that are presumed to
decorate the CNT pore mouths, and highlights the importance
of steric and electrostatic interactions between the permeate and
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Figure 66. Flow enhancement in CNTs. (A) A multiscale flow model of pressure-driven water transport through CNTs. Adapted from ref 675.
Copyright 2018 Elsevier. (B) Length- and diameter-dependent flow enhancement in pressure-driven water transport through CNTs. Adapted from ref
675. Copyright 2018 Elsevier. (C) Enhancement factors derived using the classical, no-slip Hagen—Poiseuille theory (filled symbols) and an extended
Hagen—Poiseuille theory (open symbols) for different pore sizes as a function of the length to radius ratio for various experimental and computational
permeation coeflicients. Adapted from ref 77. Copyright 2020 American Chemical Society.
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Figure 67. Water transport in CNT porins. (A) Histogram of the average number of hydrogen bonds made by a water molecule in bulk water (black)
and in CNT porins with a 0.8 nm diameter (red, denoted nCNTP) and a 1.5 nm diameter (blue, denoted wCNTP), as determined from simulations.
The dashed lines are Gaussian fits. (B) Water permeability values measured nCNTPs and wCNTPs at high (blue) and low (red) pH, compared to the
water permeability of AQP1 measured at high pH 7.8 and the water permeability of nCNTPs measured at high pH with 0.6 M NaCl, which is
chaotropic osmolyte (gray). (C) Water permeability of CNTPs measured at pH 7.8 in the presence of 150 mM concentrations of the chaotropes PEG
and urea and the kosmotropes glucose and trehalose. The dashed lines indicate the permeability levels measured without additives. Adapted from ref 1.
Copyright 2017 American Association for the Advancement of Science.

functional groups at the CNT entrance and exit, in particular for
CNTs with narrow diameters.”’> CNT porins outperform
AQP1 in water permeability, albeit at the expense of being less
selective against proton transport, because of the reduced

L7010 1

interaction between water molecules and the pore walls.
AQP1, water molecules can form hydrogen bonds with the pore-
lining residues, and undergo a dipole reorientation at the
narrowest constriction. In CNT porins, water permeation is
limited by only an energy barrier of ~5.3 kcal/mol that is
associated with the transition in the water organization from
bulk to single-file.”*® Weakening the hydrogen-bond network in
bulk water through the addition of chaotropic cosolvents, such
as PEG4 or urea, facilitates the single-file formation, and thus
promotes permeability (Figure 67.C). On the other hand, the
addition of kosmotropic cosolvents that strengthen the H-bond
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network, such as glucose or trehalose, decreases the permeability
(Figure 67C).!

5.2.2. Protons. The analysis of proton transport in CNTs
began with three MD studies in 2003,'*">°” all of which
predicted enhanced proton mobility inside CNTs as compared
to the bulk, albeit with caveats. The work of Hummer and co-
workers indicated that the diffusion coefficient for protons in a
particular CNT is 17 A*/ps, as compared to the bulk diffusion
constant of 0.4 A%/ ps, but is sensitive to orientational defects of
water in the 1D chain.'® Zhu and Schulten showed that proton
conduction depends on the distribution of charge within the
CNT, and is particularly sensitive to charges at the pore mouth
that affect the orientation of water molecules as they enter the
conduit.””> Mann and Halls focused on the stabilization of
protons in CNTs by formation of an HyO,* complex, which led
to a similar prediction of enhanced proton mobility.””

https://doi.org/10.1021/acs.chemrev.2c00155
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Figure 68. Experimental platforms for measuring proton diffusion inside CNTs. Proton diffusion coeflicients or mobilities have been calculated from
experiments in (A) isolated, substrate-bound CNTs, as adapted from ref 13. Copyright 2010 American Association for the Advancement of Science,
and (B) CNT porins. Adapted from ref 15. Copyright 2016 Springer Nature.
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Figure 69. Mechanisms of proton transport in single-file water in CNTs. (A) MD simulation snapshots showing the translocation of a hydronium ion
and a D defect through a (6,6)-SWCNT. Adapted from ref 707. Copyright 2012 American Chemical Society. (B) Schematic illustration of how
translocation of a proton, a hydroxide, or a hydrogen-bonding defect changes the orientation of the hydrogen bond network in single-file water. The
transport of a full proton charge requires both translocation of an ion and subsequent translocation of a D defect or an L defect. Adapted from ref 702.

Copyright 2011 Royal Society of Chemistry.

These pioneering studies established several important and
interrelated characteristics that have been the focus of
subsequent studies of proton transport in CNTs (Figure 68).
The enhanced mobility of protons inside CNTs has been a
consistent theme of recent work, with an emphasis on the degree
of enhancement and the dependence of this enhancement on the
CNT diameter. Proton diffusion is an order of magnitude faster
than water diffusion inside single-file systems.””> Strano and co-
workers provided some of the first experimental evidence for
high proton mobility inside a CNT.'”'® Experiments were
performed on a system consisting of ultralong, substrate-bound
CNTs that were etched and bonded to connect two fluid
reservoirs (Figure 68A). Electrical measurements on this system
revealed stochastic switching between high- and low-con-
ductance states."”'® In CNT systems with water and electrolytes
(NaCl, LiCl, and KCl), it was shown that protons were the
majority charge carriers, whereas the cation identity affected the
duration and conductance decrease during pore-blocking
events."”'® The proton conductivity was estimated to be 500
S/cm, which corresponds to an ion mobility 100 times higher
than that of bulk water."” Further experimental evidence for
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enhanced proton mobility came from experiments on CNT
porins (Figure 68B),"” in which proton conductance was again
reduced by the addition of a larger cation, which in this case was
Ca’. Enhancement of proton mobility was observed in CNT
porins with an 0.8 nm diameter, but not in ones with a 1.5 nm
diameter. This observation suggests that nanoscale confinement
is necessary, but not sufficient, to enhance the proton flux. It is
likely that single-file water chains are another required element
for this enhancement."®

In CNTs with small diameters, proton diffusion is faster than
water diffusion, due to Grotthuss-type transport. In the simplest
form of the Grotthuss mechanism, proton hopping is a series of
transfers among adjacent hydronium ions.””> An area of
contention is whether larger cationic clusters, including the
Zundel cation (H;0,"),”%* the Eigen cation (H,05"),”* and the
so-called linear H,O;* cation,”” play different roles in proton
transport through CNT's than in bulk water. One proposal is that
proton transfer in CNTs occurs a Zundel—Zundel mechanism,
rather than the Eigen—Zundel—Eigen mechanism common to
bulk systems.”** Others have suggested that there is continuous
interconversion among the discrete cation structures,””” in

https://doi.org/10.1021/acs.chemrev.2c00155
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Figure 70. FPMD simulations of hydroxide adsorption at the water—hBN and water—graphene interfaces. (A) Free-energy profiles and stable
configurations. Potentials of mean force of an aqueous hydroxide on BN and graphene sheets. (B) Representative configurations of the ions at the
corresponding interfaces. Adapted from ref 713. Copyright 2019 Springer Nature.

essence making protons in 1D confinement act as fluxional
defects, as has also been proposed to be the case for bulk
water.”% In CNTs filled with single-file water, proton transport
involves the translocation of both ionic defects (hgrdronium and
hydroxide ions) and hydrogen-bonding defects,”"” as shown in
Figure 69.

Favorable alignment of water molecules within a quasi-1D
chain enables enhanced proton flux. Proton transport depends
not only on the overall geometry, but also on the configuration
of hydrogen bonds. Proton translocation from one side of a
CNT to the other is linked to reorientation of the water chain,
such that 60% of the charge transfer is achieved by movement of
the proton, and the other 40% arises from reorientation of the
water chain back to its original state.”’ A neutral water molecule
in a 1D chain generally donates one hydrogen bond and accepts
one hydrogen bond.”” In a Bjerrum defect, a neutral water
molecule either donates two hydrogen bonds and accepts zero
(which is known as an L defect), or accepts two hydrogen bonds
and donates zero (which is known as a D defect). Bjerrum
defects diffuse in the 1D chain a factor of 3 to five times more
slowly than do protons, thereby reducing the proton mobility.'®
L defects are more common inside CNTs with single-file water
than are D defects, because the water orientation is dictated by
CNT entrance effects.””®

Surface and mouth charges create energetic barriers for the
entrance, translocation, and exit of protons from a CNT. The
importance of such electrostatic interactions was demonstrated
in early MD work.®”> The diffusion coefficient for protons in an
uncharged, 13.4—A—10ng CNT, for instance, was found to be
more than twice as fast as that in a CNT with +0.25e charges on
each end and a —0.5¢ charge in the middle.””

Although it is clear that enhanced proton transport requires
the existence of quasi-1D water chains, and therefore only occurs
in a CNT diameter range between 0.6 and 0.9 nm, the influence
of the diameter within this range, not to mention that of the
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CNT length, remains largely unexplored. The proton diffusion
coefficient in short CNTs is generally larger than that in longer
CNTs.””?7"1% In biological channels such as AQP1 (which
suppresses proton transport) and gramacydin A (which
transports protons quickly), electrostatic effects and Ang-
strom-scale pinch points arising from single amino acid residues
control water orientation and proton transport. Perhaps one day
we will be able to engineer CNT's with this level of precision.
5.2.3. Water Dissociation and Transport. FPMD
simulations showed that the dissociation free energy of water
decreases by more than 15%, as compared to the bulk, when the
liquid is confined between FeS layers.”"" This phenomenon was
attributed to the increase in the dielectric constant in
confinement. In contrast, Sirkin found that water dissociation
is inhibited in (6,6)-SWCNTSs.”'” In this case, the higher barrier
to dissociation is attributed to the undercoordination of the
hydroxide and hydronium ions in the nanotube. These studies
indicate that the chemical reactivity of confined liquids is
complex, and is not necessarily a monotonic function of pore
diameter. Other studies have made important advances in
understanding the relationship between water reactivity and
transport. For instance, as shown in Figure 70, free-energy
calculations indicate that both graphene and hBN can be
charged through hydroxide adsorption, but that hydroxide
chemisorption is stronger on hBN.”"’ This observation is
consistent with recent nanofluidic experiments that measured a
larger negative surface charge on saline solutions in contact with
BN, as compared to CNTs and planar graphitic surfaces.*’
5.2.4. lon Transport and lon Selectivity in CNTs.
5.2.4.1. (i) MD Simulations. Researchers have been interested
in ion transport in CNTs since the early days of nanofluidics,
because CNT pores mimic the function of biological ion
channels,”>*”'*7'> and also because high intrinsic water
permeability makes CNTs a promising platform for water-
purification applications.””'” MD simulations have been at the
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forefront of these efforts. Early MD studies, which largely
focused on predicting ion selectivity, provided the first window
into the behavior to be expected. These studies established that a
significant loss of water molecules in the ion-hydration shell
(Figure 71A), as is required for permeation of ions through
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Figure 71. MD simulations of ion transport in CNTs. (A) Snapshots
from simulations of (left) water and K* in a 0.7-nm-diameter CNT and
(right) water and CI” in a 0.8-nm-diameter CNT. Adapted from ref
720. Copyright 2006 IOP Publishing. (B) Comparison of the energy-
barrier profiles (i.e., the potential of mean force as a function of axial
position) for a K* ion in a neutral (solid line) and a negatively charged
(dashed line), 0.7-nm-diameter, 2.214-nm-long CNT. The energy
barrier for K* transport through neutral CNTs is high, due to the partial
dehydration required to enter the pore. The presence of charge along
the CNT can compensate for this energetic penalty. Adapted from ref
720. Copyright 2006 IOP Publishing. (C) Sequential snapshots from an
MD simulation of water and ion transport in 1.5-nm-diameter CNT's
under an applied electric field, showing the same water molecules (red)
and two K" ions (blue) as they move through the CNT from left to
right. The interval between adjacent frames is 0.5 ns. Adapted from ref
464. Copyright 2019 American Chemical Society. (D) Trajectories of
the ions (thick blue lines) and water molecules (thin red lines) starting
from the configuration in the inset simulation snapshot. The thick red
line is the average of the 11 water-molecule trajectories. Adapted from
ref 464. Copyright 2019 American Chemical Society.

CNTs with sub-nm diameters, creates a large energy barrier for
ion transport (Figure 71B). Peter and Hummer”'® showed that
0.8-nm-diameter CNTs reject Na* ions, due to the energetic
penalty for stripping off the hydration shell, whereas 1.4-nm-
diameter CNT's are highly permeable to these cations. Corry and
co-workers reported similar results,”'” and Song and Corry®*’
showed that Na*, K*, and CI~ experience different dehydration
energy barriers when entering CNTs with sub-nm diameters,
resulting in the differential selectivity for these ions. Shao et
al>" showed that it is energetically favorable to confine
hydrated K* over Na* inside CNTs with diameters below 1.0
nm, but that the situation is reversed inside CNT's with larger
diameters. Li et al.”" predicted high K* selectivity over Na* for
in CNTs with 1.1 nm diameters. This selectivity stems from the
amplification of small hydration differences between the ions in
the highly confined channels of CNTs.
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MD simulations have also been used to explore the role that
the functional groups at the ends of CNT pores play in
mitigating the dehydration barriers for ion transport (Figure
71B). Aluru and co-workers showed that charges at the
mouths”"” or along the walls”* of CNT's with sub-nm diameters
promote the preferential transport of counterions and significant
exclusion of co-ions. Simulations by Corry®'> showed that the
addition of charged groups to the entrance of a 1.1-nm-diameter
CNT helps, to different degrees, to prevent the passage of Na*
and CI"™. Gong et al.”*" demonstrated that modified patterns of
carbonyl groups along the CNT walls can further tune the
hydration structure of ions, leading to controllable Na* or K*
selectivity inside 1.2-nm-diameter CNTs.

MD simulations have also been used to explore ion—water
coupling and ion-correlation effects in CNTs. Early MD
simulations highlighted how the high slip flow at the CNT
wall can lead to the enhanced coupling of ion and water fluxes,
including high electroosmotic coupling during electrophoretic
ion transport’®”" and diffusioosmotic coupling during concen-
tration-gradient-driven ion transport.”*” Large electroosmotic
flows were reported in simulations b;r Aluru and co-work-
ers’'”’** of 5.4-nm-diameter CNTs"*” and 2.2-nm-diameter
CNTs with charged groups at the pore mouths,”'” as well as by
Su et al.”** in 1.4-nm-diameter CNTs. Yao et al.*** showed that
K" transport in 1.5-nm-diameter CNTss is strongly coupled with
surface-charge-dependent electroosmotic flow, as shown in
Figure 71C,D.

Confinement also induces unusual ion—ion coupling effects.
For example, simulations by Nicholson et al.”** and Liu et al.”*®
demonstrated the formation of ion pairs in CNTs with diameters
between 1.2 and 4 nm, with more pairin§ occurring in the
nanotubes with smaller diameters. Gao et al.”*® showed that flow
in 1.4-nm-diameter CNTs can undergo a transition from the
passage of a continuous water chain to the transport of isolated
ion—water clusters, which greatly reduces the resistance for ion
transport. MD simulations have also predicted quantized ion
conductance due to the layered structure of the ion hydration
shell””” and voltage—%ated ion transport due to the presence of
local energy barriers.” **7*

5.2.4.2. (i) lon Conductance and lon Mobility in CNTs. The
development of experimental platforms for studying nanofluidic
transport in CNTs (see section 2.1) has provided researchers
with the opportunity to test many of the predictions described in
section 5.2.4.1. Hindered transport theories”*”~">" predict that
as the channel size approaches that of the hydrated ions, the
electrophoretic mobility will become smaller than its bulk value.
The theoretically predicted conductance’*” is given by

-1
] (30)

where piy, = 7.62 X 107 m?/(V s) and pg_ = 7.91 X 1078 m?/
Vs are bulk ion mobility values, Ci; is the KCI concentration, e
is the electron charge, dcyr is the CNT diameter, Loy is the
CNT length, and N, is Avogadro’s number. However,
experimental data reveal a picture that is not nearly so simple.
Enhanced electrophoretic ion transport has been observed in a
range of experiments using platforms with different CNT
lengths and diameters, although the degree of enhancement
varied considerably (Figure 72).5HA63ACHETLTIETIITIS e
general trend is that the highest enhancements are observed in
experiments using CNTs that are at least 20 ym long, which
suggests that simple scaling relationships do not work in CNT
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Figure 72. The conductance enhancement factor for CNTs, as

compared with predictions based on bulk ion conductance. Ion
conductances were measured on platforms with individual CNT's with
1.0 M KCI at neutral pH values (between 6.0 and 8.0). The
experimental conductance data are from refs 1, 53, 463, 464, 672,
728, 732—73S. The dashed lines indicate the predictions of hindered
transport theory (blue, Renkin model;”*° red, Deen model”*"), where
the Stokes size'””*” is 0.24 nm for both K* and CI".

pores. The ion mobility can also vary considerably from CNT to
CNT. For instance, Liu et al.”*” observed that the ion
conductance through individual, ultralong SWCNTSs varied
over nearly 4 orders of magnitude, with 20% of the measured ion
conductance values being higher than the bulk conductivity, and
the other 80% being either consistent with, or smaller than, the
bulk value. A follow-up study from the same group showed a
four-orders-of-magnitude enhancement in 20-ym-long
SWCNTs with a diameter of ~2 nm. Yazda et al.”*® also
reported one-to-two-orders-of-conductance enhancement for
ion transport through ultralong SWCNT's with diameters in the
range of 1.2—2.0 nm. Strano and co-workers'>'®73 observed
stochastic pore blocking when individual cations partitioned
into ultralong CNTs with 1.5-nm diameters. The cations
obstructed an otherwise stable baseline current that was
dominated by protons. The electrophoretic mobilities for K*
and Li*, as extracted from the ion-blockade dwell time, were 2
orders of magnitude higher than the bulk values. In contrast, Na*
exhibited only bulk-level mobility.

Measurements on transport in shorter (L < S ym) CNTs
revealed significantly smaller mobility enhancements. Hinds and
co-workers”*” probed ion transport through membranes
containing CNTs with an average diameter of 0.9 nm and an
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Figure 73. Scaling-law behavior for ionic transport in individual CNTs. (A) Ion conductance, measured at different pH values, as a function of KCI
concentration inside single CNTs with various geometrical characteristics. The CNT diameter and length are 28 and 2000 nm, respectively, and the
pH values are 6, 9, and 10, from bottom to top. The dashed lines are predictions of a surface-charge-regulated model. The inset is a schematic of the
experimental setup, in which a single MWCNT is inserted into a hole and squeezed between two macroscopic fluid reservoirs. Adapted from ref 463.
Copyright 2016 American Physical Society. (B) Conductance as a function of KCl concentration in CNTs with a diameter of 7 nm and a length of 3 ym
at pH =4, 6, 8, and 10, from bottom to top. The dashed lines are the predictions of a surface-charge-regulated model. Adapted from ref 463. Copyright
2016 American Physical Society. (C) The inset at right is a schematic of the experimental setup, in which a small-area lipid bilayer with a single CNT is
formed over a Si;N, nanopore. The left inset shows the same data plotted on a logarithmic scale. The lines are best fits of the data to a power law.
Adapted from ref 464. Copyright 2019 American Chemical Society. (D) Conductance as a function of KCl concentration in CNTs at pH 3.0 and 7.5.
The inset shows the data plotted on a logarithmic scale. The dashed lines are best fits to a power law. Adapted from ref 1. Copyright 2017 American
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Figure 74. Mechanically activated ionic transport across SDN CNTs. (A) Schematic of a device for the measurement of pressure- and voltage-driven
current through a single CNT. (B) Streaming current as a function of the pressure drop AP without an applied voltage (AV = 0) at three different pH
values. The dashed lines represent the best linear fits. (C) Streaming current as a function of AP at different values of AV and a pH of (left) 5.5 and
(right) 10.5. The dashed lines represent the best quadratic fits. (D) The mechanosensitive conductance G as a function of AP for different values of AV
at pH 5.5. The dashed line represents the best quadratic fit. The inset shows the second-order coeflicient from the best parabolic fit to the data in the left
panel of C as a function of AV. The dashed line represents the best linear fit. Adapted from ref 715. Copyright 2020 Springer Nature.

average length of 5 yim, and found that the mobilities of cations
in alkali halide salts (K*, Na*, and Li") were enhanced only by a
factor of 3 over bulk values. The same group observed bulk-level
mobility using a similar platform with 7-nm-diameter, multi-
walled CN'Ts.”*® Noy and co-workers probed transport in CN'T
porins with lengths of ~10 nm, and observed a K* mobility in
1.5-nm-diameter porins that reached nearly bulk-level val-
ues.”>*** The mobility was reduced further in 0.8-nm-diameter
CNT porins." These data agree well with the predictions of
hindered transport models (Figure 72). Bocquet and co-
workers*® probed ion conductance in individual CNTs with
lengths between 1 and 3 ym, and observed mobilities that were
close to the bulk value. Liu et al.”*’> measured conductance in a
CNT-lipid hybrid platform with a pore length between S and
10 nm. They observed a surprisingly broad range of ion-
conductance values. The ion conductance in the CNT's with the
smallest diameters was close to the prediction of the hindered
transport model, but CNTs with larger diameters exhibited a
modest conductance enhancement (Figure 72).

Most of the reports on conductance enhancement have
assumed that this phenomenon arises from rapid electroosmotic
flow in CNTs.5”>7?%732737 However, several studies have
suggested alternative mechanisms for fast ion transport, such
as the breakup of single-file water chains.”*® Additionally, some
reports have suggested that metallic CNTs have higher ionic
conductance than do semiconducting CNTs.”**7*® The
proposal that the electronic structure of CNTs can influence
the fluid flow behavior still requires rigorous experimental
testing.
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The scaling behavior of ion conductance with concentration
provides another fascinating window into confinement effects
on ion transport in CNTs. Conductance is proportional to the
local carrier concentration, but in nanofluidic channels the
charges on the channel surface or channel entrance often cause
the local ion concentration to deviate from the bulk value. Tight
confinement increases the effect of such deviations on the overall
ion current. Generally, such scaling relationships result in a
power-law dependence of the ion conductance, G, on the bulk
ion concentration. At high ionic concentrations, all of the surface
charges are well screened, and the ion conductance exhibits a
bulk-like, linear dependence on the salt concentration. When the
channel surface carries a nonzero charge, mobile counterions
can dominate the conductance at low concentrations, leading to
conductance saturation. In this surface-transport regime, the
power-law exponent is zero.”*’ In CNT pores, physical features
that include high slip flow, the absence of permanent surface
charge, and the propensity for surface-charge regulation are
responsible for power-law exponents that are neither zero nor
unity. Power-law exponents between zero and one have been
reported in CNTs with different diameters, and are routinely
observed in biological channels.””””*’ Liu et al.”** reported
anomalous power-law scaling in long CNTs, with exponents
ranging between 0.3 and 0.4. This scaling, as well as that
observed in subsequent studies,”’>”** has been attributed to the
existence of significant electroosmotic flow. A power-law
exponent of ~1/3 was reported by Secchi et al.** (Figure
73A,B) for transport through individual, multiwalled CNTs with
diameters between 7 and 70 nm. These experiments also showed
that when CNTs are replaced with BNNTSs with similar
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Figure 75. Ion selectivity in CNTs with diameters larger than 1 nm. (A) Schematic of aligned CNT's in a SiN, matrix. The CNT tips feature carboxylate
groups (or carboxylic acid groups, depending on the pH). The membrane thickness is 300 #m and the CNT diameters are between 0.8 and 2.6 nm.
Adapted from ref 19. Copyright 2008 National Academy of Sciences. (B) The dependence of K;Fe(CN); (circles) and KCl (diamonds) rejection on
the Debye length. The filled symbols are for anions and the open symbols are for cations. The dashed black line indicates the average CNT diameter.
The dashed green and orange lines show the rejection coefficients calculated using Donnan membrane equilibrium theory for a 1:3 and a 1:1
electrolyte, respectively, with the membrane charge density set equal to 3.0 mM. Adapted from ref 19. Copyright 2008 National Academy of Sciences.
(C) Permselectivity values of K* and CI~ based on reversal potential measurements in 1.5-nm-diameter CNT porins, plotted as a function of the Debye
length and KClI concentration at pH 7.5 (red) and 3.0 (blue). Adapted from ref 464. Copyright 2019 American Chemical Society. (D) Conductance of
KNO;, NH,NOj;, and TINO; solutions at various concentrations at pH 6.0 for 1.5-nm-diameter, 20-¢m-long CNTs. Cations with a lower absolute
value of hydration enthalpy exhibit higher conductance. Adapted from ref 735. Copyright 2017 American Chemical Society.

diameters, which carry a permanent surface charge, classic
surface-conductance behavior is observed. In contrast, Amiri et
al.”*® reported that the conductance of 1.5-nm-diameter CNTs
exhibits a power-law exponent of ~1/2. These researchers
attributed this behavior to the local electrostatic potential
induced by the carboxyl groups at the channel entrance, which
create a favorable co-ion exclusion environment. Tunuguntla et
al.' invoked an analogous argument to explain a power-law
exponent of 1/2 in 0.8-nm-diameter CNT porins (Figure 73D).
Subsequently, Yao et al.*** used a similar setup to establish an
unusual power law exponent of ~2/3 in 1.5-nm-diameter CNT
porins at both neutral and acidic pH.

These experimental efforts were accompanied by a strong
push to develop realistic models of ion conductance in CNTs.
Secchi et al.** made the assumption that CNT surfaces carry
negative charge due to the adsorption of hydroxyl ions, which
are then subjected to charge regulation. This assumption
enabled the authors to explain the power-law exponent of 1/3
using the Gouy—Chapman model. Biesheuvel et al.**” arrived at
a similar power-law exponent using charge regulation in
conjunction with a Langmuir isotherm. Uematsu et al.”*!
further demonstrated the possibility of observing crossovers
among different power-law exponents (0, 1/3 and 1/2) at
different ion concentrations and pH values. Notably, none of
these models can account for the possibility of electroosmotic
coupling in CNT pores, as was considered by Manghi et al.,”**
who combined charge regulation with wall slip to model
scenarios with power-law exponents of 1/2, 1/3, and 2/3.
Lokesh et al.”** reported some evidence for surface charge on
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CNT walls in experiments that probed diffusioosmosis in
entrance-modified CNT membranes with a 2.2 nm average
diameter. Noh et al.>*> have advanced an entirely different
approach, suggesting that conductance-scaling behaviors arise
from the breakdown of electroneutrality inside the channel due
to the leakage of the surface electric potential into the reservoir.
They also showed that the conductance-scaling model, which
was developed based on this assumption, fits the experimental
data quite well, and can explain power laws with any exponents
between zero and one.

5.2.4.3. (iii) Mechanosensitive lon Conductance in CNTs.
Bocquet and co-workers”"” recently reported another interest-
ing coupling effect in an investigation of mechanically activated
ion transport across SDN CNTs (Figure 74). With no applied
voltage, the streaming current through 4-nm-diameter CNTs
was proportional to the applied pressure. However, when a
voltage was applied, the ion conductance varied quadratically
with the applied pressure. This behavior, which has some
similarities to the response of biological mechanosensitive ion
channels,”**”** was attributed to a combination of pressure-
dependent accumulation of ionic species in the CNTs under a
voltage bias and strong electrohydrodynamic couplings
originating from the ultralow friction of water on the CNT
surface. In contrast, in 2D graphite slit pores with Angstrom-
scale channel heights,léo Mouterde et al. found that the ion
current was proportional to the applied pressure whether or not
there was a voltage applied.

5.2.4.4. (iv) lon Selectivity in CNTs. As discussed in section
5.2.3, MD simulations predict that the mechanism of ion
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selectivity in CNT's depends on the pore diameter. For sub-nm
diameters, ion selectivity is dominated by size sieving and the ion
dehydration energy penalty.”'#***”'~"'® For somewhat larger
pores, selectivity arises largely from the electrostatic interaction
of ions with the CNT wall charges”'””*° or with functional
groups at the nanotube ends.”'>”'”~7*" In this latter regime, ion
selectivity follows the Donnan mechanism,”** as was shown by
Fornasiero et al.'"” in membranes fabricated with a vertically
aligned array of double-walled CNT's with diameters of 1—2 nm
(Figure 75A,B). In this study, the ion rejection was observed to
decrease significantly at Debye lengths smaller than the CNT
diameter. Multivalent ions were subject to stronger rejection
than were monovalent ions. Additionally, ion transport was
found to be sensitive to the presence of carboxylate groups at the
ends of the CNT pores. In particular, the ion rejection decreased
for pH values below the pK, of a carboxylic acid. Analogous
behavior was observed by Yao et al,*** who measured the
permselectivity of 1.5-nm-diameter CNTs at different pH values
(Figure 75C). The CNTs exhibited weak cation selectivity at pH
values near neutral, but became essentially nonselective at acidic
pH values. Amiri et al.”* observed cationic selectivity in 1.5-nm-
diameter CNTs, which was attributed to the presence of
carboxylate groups at the CNT ends. Amiri et al. also observed
differential ion selectivity in these CNTs, which they attributed
to the differences in ion hydration energies (Figure 75D),
although the channels were wider than the hydrated sizes of the
ions that they studied. This behavior may reflect the energetic
penalty for altering the ion hydration state while traversing a
confined hydrophobic channel, as has been observed in MD
simulations.”'® A similar trend was observed by Strano and co-
workers,'*'® who found that the transport rates of alkali metal
ions through 1.5-nm-diameter, ultralong SWNTs follows the
order Li* > K* > Cs* > Na*. This trend was attributed to changes
in the ion hydration shells when entering the nanochannels.

Li et al.”™ investigated ion diffusion in CNT porins with a
diameter of 0.8 nm and a length of 10 nm (Figure 76A). They
observed strong differential selectivity among four monovalent
anions, with the ion permeabilities varying by up to 2 orders of
magnitude and following the Hofmeister series (ClI” < Br™ < 1™ <
SCN™). This behavior originates in the strong confinement of
the CNT channels, which makes significant ion dehydration a
requirement for permeation through these pores. This study also
demonstrated that the dehydration energy is the dominant
component of the energy barrier for ion transport, as
neutralization of the negative charges from the CNT entrance
at acidic pH values increased the anion permeability by only a
small factor, and there was a strong correlation between the ion
permeability and ion hydration energy. High dehydration-
energy barriers also contribute to strong ion rejection in sub-1-
nm CNT pores. A recent study by Li et al.”*® found the water—
ion permselectivity of 0.8-nm-diameter CNT porins to be on the
order of 10°, a value that is competitive with the performance of
polyamide-based water desalination membranes.”*’ Even
though these results are consistent with MD simulations
showing high salt rejection in CNTs with small diameters,”**”**
our understanding of the ion-rejection mechanisms in these
nanochannels remains incomplete. For example, electrophoretic
transport measurements of KCl in 0.8-nm-diameter CNT
porins' not only revealed that these channels are highly selective
for K', but also showed that the energy barrier for this process is
low (Figure 76B), in contrast to the hi6gh dehydration penalty
observed in MD simulations.”'¥***”'°~7'* Modeling studies
that focus on the details of the interactions of ions with the CNT
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Figure 76. lon selectivity in CNTs with sub-nm diameters. (A)
Measured anion permeabilities through 0.8-nm-diameter, 10-nm-long
CNT porins using a fluorescent-dye-based assay. The permeabilities of
the four anions studied are plotted as a function of the first-solvation-
shell hydration energy, as calculated using first-principles simulations.
The dashed lines are exponential fits that are provided as a to guide the
eye. Adapted from ref 714. Copyright 2020 American Chemical
Society. (B) Permselectivity values for K* and CI~ based on reversal
potential measurements in 0.8-nm-diameter CNT porins, plotted as a
function of the Debye length and KCl concentration, at pH values of 7.5
(red) and 3.0 (blue). Adapted from ref 1. Copyright 2017 American
Association for the Advancement of Science.

walls, and especially on polarization effects in this system, would
help to reveal the mechanistic origins of this behavior.

5.3. Electrokinetic Coupling

When the EDLs screening the charge on the pore surfaces
overlap in SDNs, the coupling of fluid flow and ion transport
becomes especially significant.”*’ In addition to the electro-
diffusion of ionic species, electrokinetic transport includes fluid
flow driven by electric fields (electroosmosis) and concentration
gradients (diffusioosmosis).**® Models of electrokinetic trans-
port in the regime of overlapping EDLs build on the pioneering
space-charge model of Gross and Osterle,”*’ which has recently
been revisited and extended”*””*" to understand electrokinetic
conversion eﬂ'lciency,752 network effects,”*' and nonideal-
ities.”>” These space-charge models typically simplify the 2D
or 3D Poisson—Nernst—Planck—Stokes model to a 1D
electrokinetic circuit, in which the transport coefficients for
linear response are determined by the assumptions of the
equilibrium EDLs and Onsager symmetry. Analytically tractable
approximations for the transport characteristics are possible in
these regimes. More generally, the full Poisson—Nernst—
Planck—Stokes system of equations in 3D can be solved to
capture nonequilibrium effects in the double layers, and to
access resistance and other important quantities for comparison
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(C) Adapted from ref 768. Copyright 2013 American Chemical Society. (D) Adapted from ref 209. Copyright 2018 National Academy of Sciences.

to theory and MD simulations. Furthermore, to capture the rich to over 100 nm (Figure 77),”'">'"" making these materials
behavior of ions in confinement, the Poisson—Nernst—Planck— applicable for a host of separation processes, including those
Stokes model can be generalized to include nonideal effects, involving gases, water, solutes, and solvents. The widespread
including coupled fluxes,”** finite ion size,”S and others.*?’ adoption of polymer membranes over other porous materials
Surface-charge-regulation reactions, both in and out of (e.g., ceramics) is largely due to the high processability and low
equilibrium, are important for capturing transport character- cost associated with polymers.””*
istics properly.634 Despite decades of research on nanoporous polymer
. membranes, there is still much to learn. To date, the
5.4. Transport in Polymer Membranes . .
understanding of confinement effects in nanoporous polymers
The development and increased implementation of polymer has been stymied by the spatial and temporal resolution limits of
membranes is core to meeting future global sustainability available measurement techniques, as well as by the complex
goals.*'9%757738 A5 such, polymeric membranes represent one nature of polymer physics. Transport in membranes with pores
of the largest classes of applied 3D nanofluidic platforms. The with diameters of tens of nanometers or more is sterically driven,
pore diameters in polymer membranes can range from ~0.2 nm and thus is well-described by classic Hagen—Poiseuille flow
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SWCNT partially filled with n-hexane along its length. (top) PL peak position color map. (bottom) PL intensity image. Scale bar represents 500 nm.
(C) PL spectra along the partially filled nanotube. Adapted from ref 88. Copyright 2021 Springer Nature.

models.'””7%° Transport in polymeric SDNs, however, is
dominated by free-volume effects.'**”®" Such transport is
commonly related to macroscopic transport observations
using a solution-diffusion model, which employs empirically
determined coefficients.”* Although useful, this model does not
provide molecular-level insight. Deciphering transport mecha-
nisms is further complicated for membranes with pores with
diameters in the 1—2 nm range, in which both diffusion and
convection are important.

Elucidating confinement effects in nanoporous polymer
membranes is a complex problem, due to the unique local
environments in these materials. The highly interconnected
networks of polymer pores often lack a discrete structure, and
can sometimes be considered as voids, making it difficult to
distinguish the actual level of confinement. The thermal motion
of these 3D networks may further lead to coupled transport
between the solvent and solute of interest.*®'™* This
phenomenon results in a permeability/selectivity trade-off, in
which isolating transport phenomena specific to the solute or the
solvent becomes difficult (Figure 78A). SOES, 6% Polymer
membranes also often possess structural and chemical
inhomogeneities throughout the film that can lead to distinctly
different solvent—membrane or solute—membrane interactions
during transport (Figure 78B—D).20%*1476577%% Byrthermore,
local changes in solvent properties due to confinement can result
in electrostatic phenomena within the polymer that violate
traditional mean-field theories. such as the Donnan
model.'9>'9%19%1%7 The application of transition-state theory
has recently been suggested to improve our understanding of
molecular-level transport phenomena in polymer mem-
branes.>*””° Nevertheless, there exist significant theoretical
and technological hurdles that must be overcome to advance our
understanding of confined transport in polymer membranes.

5.5. The Role of Molecular Configuration in Transport

A joint experimental and theoretical effort by Wang, Aluru, and
co-workers demonstrated that trace amounts of n-hexane in
liquid cyclohexane selectively fill (6,5)-SWCNTs, which have a
diameter of 0.42 nm, whereas cyclohexane is excluded (Figure
79).% In contrast, for (8,3)-SWCNTSs, which have a diameter of
0.43 nm, as well as for other CNT's with larger diameters, both n-
hexane and cyclohexane can enter. Thus, a 0.01 nm decrease in
the SDN diameter is enough to switch on selectivity. It is
surprising that n-hexane can enter a (6,5)-SWCNT, in that the
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minimum cross section for an isolated n-hexane molecule at a
local energy minimum is larger than the van der Waals inner
diameter of the CNT. MD simulations revealed that n-hexane
molecules must stretch by more than 11% to enter the pore. This
stretched state is thermally accessible at room temperature.

5.6. Quantum Sieving

The transverse motion of a molecule in a nanopore should
become quantized when the pore diameter is comparable to, or
smaller than, the molecule’s thermal de Broglie wavelength. An
intriguing application of this effect is the separation of isotopes.
For example, molecular deuterium and hydrogen have nearly
identical sizes, and so cannot be separated using traditional
molecular sieving. The concept of kinetic quantum sieving
(KQS) was first proposed by Beenakker et al.””* The zero-point
energy, E,, of a molecule confined to a pore is strongly
dependent on the pore diameter, as is the molecule’s interaction
potential with the nanopore, &. When E; > &, the molecule
experiences an energetic barrier for transverse motion, as shown
in Figure 80A. The operating principle of KQS is that because E
is inversely dependent on the molecular mass, heavier isotopes
diffuse more quickly through the pore than do lighter ones,
enabling isotopic separation.

Another proposed mechanism for isotopic separation in
nanopores is chemical affinity quantum sieving (CAQS).””*””*
A strong chemical affinity between an adsorbate and an
adsorbent promotes preferential adsorption of some species,
because E, influences the enthalpy of adsorption. In CAQS, the
lighter species diffuses more rapidly than the heavier species.
Prerequisites for CAQS are that the pore size be large enough for
penetration of both components and that no diffusion barrier
exists inside the nanopores.””*

Separation of H, and D, has been demonstrated via KQS and
CAQS using MOFs,””*~778 COFs,””’ and zeolites.667Figure 80B
shows the isotope selectivity for transport of D, over H, in
MOFs with pore diameters between 1.9 and 4.5 A. The
preferential transport of D, is due to KQS. In this example,
MOFs with smaller pores exhibit higher selectivity than do
MOFs with larger pores, but at the cost of having lower uptake.

CNTs with tunable, sub-nm diameters are a promising
platform for high-efficiency quantum sieving of isotopes. A
powder composed of bundled CNT's with an average pore size of
>1 nm has been demonstrated to have a transport selectivity for
D, over H, by a factor of ~1.5 at 77 K.”* Quantum sieving has
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Figure 80. Quantum sieving. (A) The zero-point energy E, of D, (blue
curve) and H, (red curve) in a pore with diameter d, and the molecule—
pore interaction energy approximated by a circular square well with
depth ¢ (black curve). If E, > ¢, then thermal excitation is required for
transport, as is the case for H,, but not D,, at the pore diameter
indicated by the vertical dashed line. (B) D,/H, selectivity and gas
uptake by MOFs as a function of exposure time at 30 K. Adapted from
ref 778. Copyright 2019 American Association for the Advancement of
Science.

not yet been reported using CNTs with a pore diameter that is
comparable to the thermal de Broglie wavelengths of H, and D,,
perhaps due to the structural heterogeneity of CNTs and the
experimental challenges of preparing vertically aligned CNT
membranes.”®”*7 1989 78L782 Wiith the recent advances in the
chiral sorting, solution processing, and fluorescence imaging of
CNTs, 382673783 it will be exciting to revisit quantum sieving
using precision CNT SDNs.

6. THE ROLE OF DEFECTS

Defects are ubiquitous in nanopores. However, the manner in
which defects affect fluids and solutions confined in SDNs is
largely unknown. Despite extensive studies, understanding the
influence of defects on molecular transport at the nanoscale
remains a significant challenge. This difficulty arises in part from
the lack of in situ tools that can provide high-resolution
information on defects*** and interfaces,”** and their impact on
fluidic transport. Work in this area is at an early stage, and here
we highlight the challenges and needs for further experimental
and theoretical studies on the role of defects in SDNs.
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Computational modeling, particularly when informed and
validated by experiment, can offer insights into the key processes
that underlie molecular transport in the presence of defects. For
instance, MD simulations using empirical force fields have
shown that the presence of carbon vacancies can disrupt the
smooth and continuous potential energy landscape of CNTs,
with impacts such as reducing the water-flow rate in (7,7)-
SWCNTs.”® In addition to carbon-lattice defects, the presence
of bulky anionic functional groups can drastically reduce water
flow in CNT membranes.®** Simulations of water confined in
(5,5)-BNNTSs show that Stone—Wales defects’*® break hydro-
gen bonding with neighboring water due to a defect-induced
dipole, resulting in both a phase transition from liquid-like to
vapor-like water and high oscillatory motion of water in the axial
direction of the nanotube.”*®

Recent advances in high-performance computing and
computational algorithms have provided increased opportuni-
ties for using FPMD simulations to study interfacial effects on
nanofluidic transport. In contrast to the case of force-field-based
simulations, in FPMD simulations the energy and forces are
derived self-consistently from electronic structure calculations.
Although FPMD simulations are computationally expensive,
and are therefore often limited to relatively small time and length
scales, this technique is well suited for probing the effects of
complex defects and interfacial electronic structures. As a prime
example, recent studies showed that friction coefficients at the
solid—liquid interface can be calculated using ab initio
simulations. This work underscores the importance of surface
defects and electronic structure on fluid transport. In particular,
Joly et al. found that water dissociation near defective hBN and
graphene sheets can lead to a significant increase in friction that
is particularly sensitive to the chemical structure of the
defects.”®” Tocci et al. showed that the friction of liquid water
in contact with graphene and hBN differs significantly, despite
similar interfacial organization (Figure 81).”%*”* The water
friction coeflicient on hBN is about three times larger than that
on graphene, due to the greater corrugation in the BN energy
landscape. Recently, Kavokine et al. derived a theory of the
quantum contribution to hydrodynamic friction.” They
demonstrated that the quantum coupling between the electronic
structure in the solid and the confined water can explain the
radius-dependent friction in carbon nanotubes. In addition to
insulators and semiconductors, molecular simulations have also
been used recently to study the effect of metallic surfaces on
electrochemical interfacial properties of aqueous solutions of
salts through a semiclassical Thomas—Fermi model.”” A virtual
Thomas—Fermi model was also used to investigate the phase
transitions and wetting of ionic liquids near metallic surfaces.””"
Modeling of the interaction between metallic surfaces and ionic
liquids has also been shown to explain the increase in the
capacitance of nanoporous carbon electrodes.””” These studies
highlight the fact that the inclusion of the electronic structure of
the interface is essential for the proper determination of fluidic
transport properties under confinement and at water—solid
interfaces.

Furthermore, an emergent class of atomistic potentials
constructed from machine-learning frameworks, such as neural
networks””*”** and kernel-based methods,””> has shown great
promise in extending simulations from first-principles based
approaches to larger length and time scales. These machine-
learning potentials (MLPs) are trained on first-principles-
derived energies and forces mapped to representations of
localized atomic environments, where the learned potential
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Figure 81. Friction of liquid water on contact with 2D materials. (A)
Green—Kubo and Langevin estimates of the friction coeflicient of water
in contact with graphene (left) and hBN (right). (B) Top views of
simulation snapshots of the defects introduced in graphene and boron
nitride. Adapted from ref 801. Copyright 2016 American Chemical
Society.
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energy surface can be extended and refined via active learning
procedures. Such an approach is particularly well suited for
systems of confined fluids in CNTs, in which there are strong
electronic structure effects requiring first-principles approaches,
yet long correlation lengths necessitating large-scale simulations.
Several recent works’°~**” have applied MLPs to the study of
confined aqueous systems, primarily focusing on the role of
water phase behavior and the friction coefficient in confined
environments.

Experimentally, it is difficult to probe the impact of atomic
defects, because they are randomly implanted and structurally
difficult to control. Organic color centers (OCCs) are a family of
chemically tunable photoluminescent defects that can be
covalently added to the surface of SWCNTs, and include
methylene groups, alkyl chains, aryl groups, and even
polymers®*>~**” (Figure 82A). OCCs can be g)atterned using
photochemical or lithographic techniques,”'°™*"* and can also
be implanted at the pore mouth.*****> Such defects in the sp>
lattice of SWCNT's create potential wells, which can locally trap
E,, excitons that diffuse along the nanotube, resulting in red-
shifted, E;;” emission (Figure 82B). The wavelength and
intensity of the defect PL depend on both the functional groups
and the nanotube host.

OCC:s respond to changes in the local chemical environment,
potentially providing a spectral signature to probe the impact of
defects on mass transport in SDNs. Althou%h this application of
defects remains to be explored, Kwon et al®'* demonstrated that
N,N-diethyl-4-aminobenzene OCCs respond to protons, with
the defect PL red-shifting from 1117 to 1136 nm as the pH
changes from 9.02 to 3.97 (Figure 82C). This spectral shift is
due to the protonation of the amine moiety of the OCC. When
protons are confined inside a SWCNT pore, OCCs may interact
with the confined protons, resulting in PL shifts that could be
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Figure 82. Defects as probes for molecular transport and confinement
in SWCNT SDN. (A) OCCs are quantum emitters that can be created
by covalently attaching organic functional groups to a semiconducting
host, in this case, a SWCNT. Adapted from ref 803. Copyright 2016
American Chemical Society. (B) The organic functional group induces
a localized quantum well in which mobile excitons from the host
semiconductor are trapped. The trapped excitons undergo radiative
recombination efficiently. Adapted from ref 806. Copyright 2019
Springer Nature. (C) The E;;~ emission of the N,N-diethyl-4-
aminobenzene-functionalized (6,5)-SWCNTs red-shifts as the pH
decreases. Fits to the E;; and E;;~ emission curves (solid lines) are
plotted on top of the data (dotted lines). The peaks between E;; and
E;;~ (marked with an asterisk) are due to a (6,4)-SWCNT-
C¢H,N(CH,CHj;), impurity in solution. Adapted from ref 814.
Copyright 2015 American Chemical Society. (D) Schematic of the
OCC response to the endohedral transport of a proton. (E) The E;;~
PL intensity of a single defect as a function of time, showing a bimodal
intensity that may correspond to a nearby charge temporarily trapped at
the OCC site. Adapted from ref 443. Copyright 2019 Springer Nature.

used to provide information about the confinement (Figure
82D).

The PL from OCCs exhibits stochastic blinking in response to
local charge fluctuations (Figure 82E). This phenomenon may
provide a spectral fingerprint for the imaging of ions and
molecules under confinement. Such measurements can be
complemented by high-level electronic structure calculations,
such as many-body perturbation theory (via the Bethe—Salpeter
equation) and time-dependent DFT.*0®80%815816 Thege
techniques have historically been considered too computation-
ally expensive for application to surfaces and interfaces.
However, recent algorithmic developments are allowing
researchers to apply these methods to larger and more realistic
systems, germitting the direct treatment of solid—liquid
interfaces.”'’~*'? This development opens the opportunity to
investigate how electronic states are altered by the presence of
water and solvated ions, and offers the potential of performing
calculations for comparison with high-resolution experimental
data.
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Chemical defects are predicted to play an outsized role at the
nanoscale. Methods such as single-defect spectroscopy** allow
individual luminescent chemical defects to be quantified and
characterized. We anticipate that simulation techniques, used in
conjunction with advanced spectroscopy and imaging techni-
ques,">**%29 will help elucidate the role that defects and
interfacial chemistry play in nanofluidic transport.

7. SUMMARY AND OUTLOOK

The extreme confinement of SDNs gives rise to a series of
unforeseen phenomena and properties that stand to impact the
efficiency and selectivity of ionic and molecular transport. Fluids
in SDNs are dynamic, far from equilibrium, and extremely
heterogeneous. The length and time scales for these systems are
intrinsically multiscale, exhibiting rich and complicated confine-
ment effects on the thermodynamics and fluidic transport. To
understand these confinement effects, experimental platforms
that build on precision model systems and transformative
analytical tools have played enabling roles. Model SDN systems
with tunable sub-10-nm pores, specifically tailored surface and
pore-mouth chemistry, as well as intentionally incorporated
atomic defects have recently become experimentally accessible.
The development and use of advanced imaging and other
characterization tools, such as environmental aberration-
corrected TEM,**#521522 hioh resolution cryo—EM,823 ultrafast
electron diffraction imaging,"** single defect spectroscopy,”****
and single ion traps,”* are expected to transform our capabilities
for probing water and ion structure in nanopores and
understanding the critical roles of interfaces and defects.
Theoretical tools that range from ab initio and all-atom MD
calculations to continuum models are also being developed and
applied to understand the intrinsically complex and intertwined
phenomena concerning molecules and ions in nanopores.
Exploiting these confinement effects presents myriad
opportunities for innovation and practical applications,
including, but not limited to, separations, energy storage, and
sensing. Ultraprecise recognition of molecules and ions, akin to
that of biological channels, is considered a “holy grail” for
separation processes.’**® For desalination, this goal would be
represented by a membrane consisting of SDN's or sub-nm pores
with near-perfect solute rejection that allows water molecules to
pass at a reasonable rate.””’~**° Furthermore, by exploiting
differences in solute size, charge, polarity, and other character-
istics, SDNs and membranes can be developed for single-species
selectivity’>*® similar to that of the potassium channel, which
can transport K* ions 10 000-fold faster than sodium ions.’”"*"
These same merits also extend to solvent selectivity and
biosensing, for which membranes and other SDN-based devices
could be designed to differentiate between polar and nonpolar
fluids for separation or flow-sensor purposes,ms’830 as well as to
detect and characterize biomolecules at the single-molecule
level,**' 7** and for sequencing of biomolecules.®** %%
Increasing global energy demands and societal calls for reduced
reliance on fossil fuels necessitate novel approaches to energy
conversion and storage. 2D nanochannels'”'** and
CNTs'>'¥*7 have shown significant enhancements in proton
transport over bulk diffusion, as well as complete proton
selectivity in the case of A-scale slits,'” which are essential for
highly efficient and effective fuel cells.**® In addition to energy
generation, the increased gas- and charge-storage capacities, and
ultrafast ion transport offered by SDNs can improve energy
technologies (e.g., batteries and capacitors). Gas storage in
nanopores benefits from high surface area and strengthened
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local interactions with gas molecules.”*>* Although SDN
capacitance also benefits from these characteristics, electrolyte-
filled SDNs can additionally store significant amounts of
electrical charge within their confined EDLs.***~*** The rapid
ion transport offered by nanofluidic platforms enables improved
power density that can be exploited by capacitor-based energy
storage devices for faster charge delivery and longer cycle
lifetime.***%*

7.1. The Future Outlook for SDN Transport Research

Progress in recent years toward elucidating the unique behavior
of liquids in SDNs raises new questions that represent the next
frontier in this field. We have identified six of these research
issues/opportunities that we feel characterize key gaps between
experimental observations and theoretical understanding, in
addition to the seven knowledge gaps that we have reviewed and
updated here.'” These areas are:

7.1.1. Understanding Transport in Electrically Con-
ducting SDNs. Advances in nanotechnology and nano-
fabrication have made possible the creation of new types of
SDNs that have electrically conducting walls. These materials
provide an opportunity to extend the recent understanding of
nanoenhanced slip flow in SDNs to include cases in which
electron momentum in the conduit wall(s) imparts momentum
onto an adjacent fluid. This phenomenon constitutes a notable
knowledge gap in the current literature, as the major engineering
applications to date are rooted in insulating matrices. By the
same token, the prevailing transport theories and associated
experimental studies have involved or assumed insulating
substrates. As one notable and intriguing exception, Tersoff
and co-workers used a nonequilibrium Green’s function
simulation to show that solvated ions contained within a
semiconducting SDN with a 1.34 nm diameter experience an
enormous electromigrative wind-force current in which the
confinement outstrips the direct force.*** Experimental
realization of this and similar confinement effects based on
conductivity in the confining medium has yet to be achieved.

SDNs comprised of 2D material conduits, such as graphene
bilayers, offer additional electronic handles for manipulating
fluid and solvated ion phases at a conducting boundary.
Graphene or transition-metal dichalcogenide bilayers in which
the orientation of the two layers differs by as little as 1° can
exhibit a flat electronic band structure.*** Single electrons and
holes form predictable charge-density patterns that can be
manipulated by coupling to a gate electrode. This scheme
provides an opportunity to manipulate fluid-entrained ions to
control confinement-induced correlations.

Conducting SDNs also ofter the opportunity to address
longstanding issues of fundamental metrology in widely studied,
insulating polymer nanopores. Many theories that relate ion
sorption properties (which directly influence transport) to
polymer membrane properties require knowledge of the relative
permittivity of water confined within a nanopore.'%®'*"#%¢
Broadband dielectric spectroscopies enable capacitance meas-
urements based on interfacial water, but the complex geometries
of such pores requires adjustable parameters, structural
assumptions, and separate modeling. These experimental
shortcomings have resulted in large, and poorly understood,
experimental uncertainties that we believe can be addressed with
the emerging development of conducting, precision SDN
conduits.

7.1.2. SDNs with Spatial Chemical Patterning. To the
extent that the chemical nature of a SDN pore influences its flux
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and selectivity, there is considerable potential for the spatial
patterning of the internal surface chemistry of the pore to
enhance such properties. As an example of a problem that might
be solved by spatial chemical patterning, ion-selective electrodes
are powerful tools for detecting specific metals, but currently
suffer from low flow.**” One possible approach for achieving
high selectivity and high flux simultaneously is to employ the
chemistry already used in ion-selective electrodes at the pore
entrances. Mechanistically, the patterning of surface charge leads
to electrochemical symmetry breaking, from which interesting
new transport properties may ernerge.252 Building on an
example from nature, perhaps a precisely designed synthetic
channel could recapitulate the principles of the biological K*
channel to achieve selectivity between ions of similar size and
charge. Key questions in this realm include how the interaction
between ions and pore surfaces influences ion-transport
behavior, and how the spacing between chemical functional
groups impacts ion transpor‘c.84

7.1.3. SDN Transport under Temporal Forcing and
Oscillations. Transport experiments, and the theory used to
describe them, often assume steady state, or at least the approach
to steady state. Recent experiments'>*** and simulations®****!
raise interesting questions regarding transport under forcing or
driven fluctuations. Biological transport processes make
significant use of such dynamics, whereas the use of fluctuations
in technological applications is in its infancy.*>" It is known that
thermal fluctuations assist the transport of oxygen into the
binding pocket in hemoglobin. Structural fluctuations of
biological K* channels have been found to be essential to ion
selectivity.”>” In analogy, such fluctuations might be expected to
have a substantial influence on transport and selectivity in
synthetic SDNs. There is considerable mathematical work on
stochastic resonance and related coherence resonances, in which
electrochemical fluctuations can drive a system into ordered
oscillations in flux. Stochastic resonances have been discovered
in multiple biolo§ical systems, including ion channels,***
sensory systems,”>* and the human cerebral cortex.”>®

Temporal forcing in SDNs can occur through mechanical,
electrochemical, or other mechanisms. In the former case,
precision SDN channels are available that allow for the study of
mechanically driven temporal forcing. Recent experiments have
used strain to modulate transport through 2D nanopores.**’
New transport regimes may arise when such modulation
approaches characteristic time scales of the pore.** ™%
Mechanical forcing is particularly important when the same
chemical environment in a nanoconstriction induces different
transport properties as the pore structure undergoes thermal or
oscillatory fluctuations. As an example, it would be fascinating to
explore the effect that structural fluctuations have on hydro-
phobic gating in SDNs. As another example, it has been
predicted that rigid nanopores favor condensation and wetting,
whereas flexible nanopores induce evaporation, and thus the
complete cancelation of the transport of water and ions.*>°

Electrochemical forcing offers the opportunity to create
oscillations in new types of nanopores, nanochannels, and
nanoslits. For instance, the versatility of 2D materials can be
leveraged to create SDNs with channel heights from a few nm
down to less than 1 nm."” Superimposition of surface acoustic
waves on SDNs can also be used to induce new modes of
transport. Driven fluctuations are expected to enhance ionic
conductance, selectivity, and transport. Such systems may also
enable electrochemical gating in a dynamic and fully controllable
manner, which is a longstanding goal of electrokinetic transport.
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How the frequency of electrochemical fluctuations can influence
transport is a fascinating open question.

Another interesting opportunity is the investigation of
systems in which either (or both) solvent or (and) ions create
organized structures at the SDN interface. Examples include
bilayer-like structures created by molecules of polar, high-dipole
moment solvents on polar surfaces, and spatial organization of
correlated multivalent ions on charged surfaces (charge
inversion).""”*** Driven fluctuations may disturb the organ-
ization in both cases, leading to the continuous spatial and
temporal reorganization of solvent and ions. The theoretical
description of such dynamic systems will in turn enable the
quantification of the energetics and kinetics of the interfacial
organization.

7.1.4. Molecular Tunneling through Atomically Thin
Membranes. Recent experiments showing proton electro-
kinetic transport through one-atom-thick membranes of
graphene can be explained via molecular tunneling.**” This
observation opens the question of whether such molecular
tunneling is a generic confinement effect, which could enable
new mechanisms of transport in permselective membranes.
Some computational studies have focused on low-temperature,
quantum sieving based on differences on zero-point energy for
isotope separation.®*® However, there is a dearth of experimental
studies elucidating this effect and its applications to confined
transport for species larger than protons.

7.1.5. A Universal Molecular Force Field for Fluids
under Confinement. Whether a universal force field could be
created to describe fluids under confinement is an open
question. Such a force field would require chemical composition
and dimension of the pore as the sole inputs. Although there has
been interest in the development of this type of generic force
field, with AMOEBA®* as an example, this objective might in
fact be unattainable. Recent theoretical developments instead
suggest that a proliferation of specialized force fields is more
likely to occur before any universal force field could be
developed.*® For example, even for simple systems such as
solvated ions in li%uid water, no generic force field has been
developed to date.**"*** The case of nanoconfinement, in which
wall interactions must also be considered, remains all the more
elusive. The outstanding challenge is often related to the ability
to treat different interactions (e.g., water—ion, ion—pore, and
water—pore) on the same footing. To this end, specialized force
fields with high accuracy that incorporate many-body electronic
polarization effects from first-principles have been developed for
some systems. Applications have included modeling of the
wetting behavior and salt ion adsorption at the graphene—water
interface,**”**%**¢ phase behavior of confined water,”**> and
quantum friction at the water—CNT interface.” However, the
development of force fields for more complex systems remains a
challenging task. In this regard, although the development of a
universal force field may currently be too ambitious, it may
nevertheless be possible to construct a universal platform that
combines a high-fidelity, first-principles approach and machine
learning techniques®®* to tackle this challenge.

7.1.6. Chemical Reactions under Fluidic Transport
Conditions within a SDN. Extreme physical confinement in
an SDN influences the structure and intramolecular potential of
fluid molecules and entrained reactants, such that large changes
in chemical reactivity should be possible. These effects are
observed experimentally at even at larger scales. For example, the
detection of enzymatic reactions in nanofluidic channels has
been shown to progress faster than the binding reaction at a flat
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surface, reaching single-enzyme sensitivity.**> In narrow
channels, the restructuring of the fluid itself can change the
activation volume to either favor or disfavor certain transition
states, depending upon the polarity and steric hindrance
imposed by the dynamic solvent cage.866 In this manner, fluid
confinement in an SDN can select for different products than in
the corresponding bulk reaction. We note that this mechanism is
distinct from steric exclusion or molecular sieving. Although
there has been a considerable amount of work on the role of
nanopores in heterogeneous chemical catalysis,**” new types of
reactive force fields that take into account nanoconfinement may
need to be developed to enable the prediction of the activation
volumes, and more generally the transition state, under such
transport conditions for a given chemistry.

Elucidating these knowledge gaps should enable new, energy-
saving solutions for applications ranging from precision
separations, to energy efficient transport solutions, to perhaps
even new types of information storage and computing systems.
Precision separations that would mimic, and even surpass, the
accuracy and efficiency of biological separation could revolu-
tionize water purification and chemical manufacturing. Efficient
and selective transport materials could remedy shortcomings of
current battery technologies, thus accelerating transition to
carbon-neutral economy. Finally, new types of information
storage and processing architectures based on ionics and
nanofluidics that mimic brain signal processing could enable
efficient computing at a fraction of the power and cost used
today.
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