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ABSTRACT OF THE DISSERTATION 

 

Exploring Non-Traditional Solid-Liquid Interfaces Under Nanoconfinement 

by 

Jake Wyatt Polster 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2022 

Professor Zuzanna S. Siwy, Chair 

 

 

Studying ion transport in nanoporous materials is crucial to a wide range of energy 

and environmental technologies, including ion-selective membranes, drug delivery 

systems, and supercapacitors. Many of these applications rely on non-aqueous solvents 

or non-traditional interfaces, such as hydrophobic surfaces. However, classical 

descriptions of solid-liquid interfaces fail to adequately describe ion and electrical 

potential distributions in these non-traditional systems. This dissertation examines what 

consequences occur when these non-traditional solid-liquid interfaces are placed under 

nanoconfinement. Specifically, ion transport measurements were performed in a variety 

of nanodevices, including nanopipettes and nanopores, which acted as model systems 

for probing non-traditional solid-liquid interfaces.  

My first project details the breakdown in classical electrical double-layer models 

when moving from water to an organic solvent. This project demonstrates that in a model 

system, acetonitrile at a silica interface, the solvent molecules organize in a well-defined 

lipid-bilayer-like structure. This solvent organization in turn dictates the ionic distribution 

at the interface, which stands in stark contrast to traditional models, where ion distribution 
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is determined by native surface charge. A combined approach of ion-transport 

measurements in nanopipettes, surface-selective spectroscopy, and molecular dynamics 

simulations were used to probe the acetonitrile-silica interface in a variety of salts, 

including LiClO4, NaClO4, LiBF4, and LiPF6. These findings emphasize the importance of 

including solvent molecules and ions explicitly in descriptions of solid/liquid interfaces. 

My second and third project examine hydrophobic interfaces in nanopores. Single 

hydrophobic nanopores are ideal model systems for studying nanoconstricted 

hydrophobic surfaces and wetting/dewetting transitions at the nanoscale. In these 

projects, ion current measurements in single silicon nitride nanopores containing a 

hydrophobic-hydrophilic junction were performed in a variety of salt types and 

concentrations. The results show that transport properties in these devices are highly 

dependent on the size, hydration strength, and concentration of the solvated ions. Large, 

polarizable anions, such as bromide and iodide, facilitate pore wetting, with an unusual 

dependence on electrolyte concentration – higher concentrated solutions more easily wet 

the devices, in contrast to bulk surface tension trends. Experimental results were 

supplemented with molecular dynamic simulations that revealed key characteristics of the 

asymmetric nanopore system. These results are essential for designing nanoporous 

systems that are selective for ions of the same charge as well as understanding the 

fundamental role of ion hydration on the properties of solid-liquid interfaces. 
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Chapter 1: Introduction 
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Nanopores Are All Around Us  

Despite all the chemistry and physics terms I will introduce in this thesis, the term 

“nanopore”, the key research system I used in my graduate research, is as straightforward 

as its name. Nanopores are pores (holes) with diameters ranging from <1–100 

nanometers (nm). Nanopores can have varying lengths, but their diameters must remain 

on the nanoscale. One billion (109) nanometers fit into one meter; to put this into 

prospective, the distance to the moon is ~0.3 billion meters, so comparing the size of a 

meter stick to one and a half round trips to the moon is a fair comparison for meters to 

nanometers. Nanopores are even so small that they cannot be seen with an optical 

microscope–one must employ use of an electron microscope (detailed in chapter 2) to 

examine these tiny holes. One might question why, if we cannot even see these tiny holes 

with our eyes, would I study nanopores. And the reasons for studying nanopores mirrors 

those for this hesitation: in the small size dimensions of nanopores, surface chemistry 

and electrostatics have much more pronounced influence on transport through these 

pores. Being a water molecule entering a nanopore would be like walking in a group of 

~4000 people in an area the size of California and then being forced into a Boeing 737 

plane. Suddenly the entire group (despite being extremely uncomfortable, no doubt) will 

see and interact with the “walls” of this area – if there is something on the wall that attracts 

a subgroup of people, say a TV broadcasting a sports event, those individuals will get 

“stuck” and travel slower through the “pore”. In this hyper-confined space, nearly every 

ion/water molecule/dissolved species/person will interact with the “walls” – making the 

wall’s chemical properties extremely important. If the properties of these “walls” are strong 

enough to prevent a group of ions/people from entering the pore/airplane, exquisite 
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selectivity can be achieved that would not be possible with larger areas (say, a football 

field instead of the airplane example). In this way, nanopore research is fascinating to me 

due to growing number of applications of the technology, including water desalination, 

chemical separations, and energy storage, as well as fundamental science to be learned 

through nanoconfined species. 

Biological Nanopores 

Nanopores occur in naturally in biological systems and can be synthetically 

fabricated in a laboratory setting. Biological nanopores are essential structures for living 

organisms; primarily located in cell membranes, nanopores help preserve homeostasis 

in the cell by regulating ion and water transport. One example of a biological nanopore is 

the water channel, aquaporin (AQP1, Figure 1.1A, left). Aquaporin is located in the cell 

membrane and regulates osmotic water transport between the cytoplasm of the cell with 

the extracellular environment. Aquaporin can transport 3 × 109 water molecules per 

second per channel, with the transport activation energy being only slightly larger than 

the bulk water self-diffusion rate.1 Aquaporin has an hourglass shape with an opening 

diameter of 1.5 nm and narrowing to 2.8 Angstroms (Å, 10-10 m) at the thinnest section.2 

This narrow section, called the selectivity filter, is the key to achieving such selective 

transport. The selectivity filter repels both positively charged ions (cations) and negatively 

charged ions (anions); only allowing water molecules to pass through. Cations are 

rejected because the selectivity filter is dominated by positively charged amino acids that 

electrostatically repel positively charged species. You can think of this like the positive 

pole of a magnet repelling the positive pole of another magnet. Anions are rejected 

because they cannot effectively shed their waters of hydration and are too large to enter 
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the pore. You can think of this like not being able to find a babysitter for your young 

children and thus cannot attend the movies. Water molecules, on the other hand, are 

swiftly transported through the pore in a single-file line; their transport being stabilized by 

the same factors that repel all ions. 

In a similar way to the water channel, which selectively transports only water 

molecules, other biological nanopores are structurally tailored to transport only specific 

ions. One of the most ion-selective biological nanopores is the potassium channel, KcsA 

(Figure 1.1A, right). The potassium channel is located in the cell membrane and 

transports potassium ions (K+) close to the diffusion-limited rate (107 ions per channel per 

second).3 In addition to fast K+ transport, KcsA has over 10,000 times selectivity for K+ 

over sodium ions (Na+), an ion with the same charge and a smaller radius.4 The key to 

KcsA’s exquisite selectivity resides in its selectivity filter: a 12 Å long segment decorated 

in carbonyl groups with an average diameter of 3.4 Å.5 The small size requires that any 

species diffusing through the pore must shed its waters of hydration, requiring significant 

energy input. This energy input can be compensated for by replacing the shed water with 

favorable interactions from pore wall groups. In KcsA, the selectivity filter’s carbonyl 

groups have lone pairs of electrons that create a coordination environment akin to a 

hydration shell. The selectivity filter’s geometry is such that a dehydrated K+ ion will fit 

perfectly, but a Na+ ion would be too small.4 The energy for shedding Na+ hydration shell 

is not off-set by the carbonyl groups in KcsA’s selectivity filter, making the pore highly 

selective for K+ ions. Research on the structure of AQP1 and KcsA was awarded the 

Nobel Prize in Chemistry in 2003, emphasizing the importance of understanding the 

structure and function of biological nanopores. 
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Figure 1.1: Examples of biological and synthetic nanopores. (A) Left: Surface 
representation of AQP1 structure. The selectivity filter is located near the center of the 
pore, at its thinnest region. Figure from de Groot, B. L.; Grubmüller, H. Water Permeation 
Across Biological Membranes: Mechanism and Dynamics of Aquaporin-1 and GlpF. 
Science 2001, 294 (5550), 2353.1 Reprinted with permission from AAAS. (A) Right: 
Surface representation of KcsA. Green spheres represent K+ ion positions. The selectivity 
filter is located in the red, electron dense region at the extracellular end of the pore. Figure 
from Doyle, D. A.; Cabral, J. M.; Pfuetzner, R. A.; Kuo, A.; Gulbis, J. M.; Cohen, S. L.; 
Chait, B. T.; MacKinnon, R. The Structure of the Potassium Channel: Molecular Basis of 
K+ Conduction and Selectivity. Science 1998, 280 (5360), 69.4 Reprinted with permission 
from AAAS. (B) Transmission electron microscopy image of a glass nanopipette. Glass 
nanopipettes are pulled to various sizes by modulating the pulling force and time. Figure 
adapted with permission from Perry, D.; Momotenko, D.; Lazenby, R. A.; Kang, M.; 
Unwin, P. R. Characterization of Nanopipettes. Anal. Chem. 2016, 88 (10), 5523–5530.6 
Copyright 2016 American Chemical Society. (C) Scanning electron microscopy image of 

2 nm
300 nm

180 nm

KcsA

C B 

A 
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a track-etched silicon nitride nanopore. The double conical geometry was achieved by 
etching from both sides of the film. Figure adapted from Vlassiouk, I.; Apel, P. Y.; Dmitriev, 
S. N.; Healy, K.; Siwy, Z. S. Versatile Ultrathin Nanoporous Silicon Nitride Membranes. 
PNAS 2009, 106 (50), 21039–21044.7 

 

Controllable transport is key for many biological nanopores 

An interesting aspect about biological nanopores is that they can be gated. Gated 

simply means that the nanopore can be opened and closed for transport because of 

external stimuli. The most common stimuli are voltage changes, ligand binding, and 

mechanical stress.8 Cells will naturally have an electric potential due to the unequal 

concentrations of ions inside and outside of their membranes. When this potential is 

disturbed, voltage-gated ion channels can change their conformation and allow specific 

ions to transport across the cell membrane. Examples of voltage-gated channels are the 

various sodium channel (Nav1.1 through Nav1.9).9 Sodium channels are often found in 

parts of the nervous system and skeletal and muscle cells.9 For this reason, local 

anesthetics target sodium channels to block them from transmitting action potentials 

(electrical signals) to the brain.10  

Ligand-gated ion channels undergo conformational changes when a ligand, or 

messenger molecule, binds to their structure. Examples of ligand-gated ion channels are 

γ-aminobutyric acid type A (GABAA) receptors. GABAA receptors are anion-selective 

channels crucial to the central nervous system.11 When two GABA molecules bind to a 

GABAA receptor, the central ion channel in the receptor opens up and allows permeation 

of Cl- and HCO3
-.11 These ions establish a new equilibrium membrane potential that 

makes it harder to form action potentials, thus inhibiting communication between nerve 

cells.11,12 Drugs in the benzodiazepine class are positive allosteric agonists to GABAA; 
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increasing the opening frequency for the channel, thus reducing the chance of firing an 

action potential and leading to inhibited neuron activity.12   

Mechanical stress or pressure gated ion channels create electrical signals when 

physically displaced. Ion channels gated by stress are called mechanotransducer (MT) 

channels. The most straightforward example of this type of gating occurs in hair cell 

transducer channels.13,14 When sound waves enter the ear, small pointed tubes on top of 

hair cells are slightly displaced, causing physical strain and gating MT channels, which 

are cation channels particularly permeable to calcium ions.13,14 The change in membrane 

potential releases a neurotransmitter that then carries the signal to the central nervous 

system.15  

Properties of biological nanopores are of high research interest 

Biological nanopores, both gated and not, serve as inspirations for nanoscale 

device development. Scientists create synthetic nanopores that mimic biological channel 

properties, such as surface charge, geometry, and hydrophobic character, with the aim 

to design devices boasting the same superb selectivity and ion transport seen in biological 

channels. Nanopore experts have also found new ways to utilize synthetic nanopores, 

including chemical and biological sensors and DNA sequencing. Nanopore technology 

has also made its way into commercial products, such as portable DNA sequencing 

(Oxford Nanopore product SmidgION), waterproof breathable technology (Gore-Tex),16 

molecular sieves/desiccants, and breathable surgical tape (3M product Micropore 

Surgical Tape),17 to name a few. All these products incorporate some form of nanopores 

in their usage—including tiny pores in single-atom thick graphene that allow DNA to pass 

through and provide distinguishing signals between base-pairs, hydrophobic nanopores 
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that allow for water vapor to pass but not liquid water, pores that are small enough to trap 

water but too small to trap organic solvents, and pores that can draw moisture away from 

wounds using capillary action. Synthetic nanopores offer extreme control over pore size 

and surface charge, making them an ideal medium to research fundamental and applied 

sciences. 

Lab-Made Nanopores 

Synthetic nanopores are made from polymers or solid-state materials and provide 

notable advantages in stability compared to biological ones. Synthetic nanopores can be 

studied and operated in varying temperatures, pH levels, salinity, and solvents. 

Conversely, biological nanopores, although boasting extreme levels of selectivity and 

structure controlled with atomistic precision, do not survive well outside of physiological 

conditions. I have dedicated chapter 4 to discuss my work on organic solvents under 

nanoconfinement, which would be exceptionally difficult to investigate in biological 

nanopores. Another advantage of synthetic nanopores is the tunability of their 

dimensions, both pore opening and length, although preparation of nanopores with 

opening diameters less than 1 nm remains difficult. 

Synthetic nanopores can be fabricated in a variety of materials. Research in the 

Siwy lab focuses on nanopores created in polymer membranes, such as polyethylene 

terephthalate (PET), polycarbonate (PC), or poly(4,4’-oxydiphenylene-pyromellitimide) 

(Kapton), and solid-state films, such as silicon nitride (SiNx) and silicon dioxide (SiO2, or 

glass). We fabricate nanopores in these materials using a variety of techniques that I will 

detail in chapter 2.  
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Single nanopores in polymer films are prepared by the track-etch technique. 

Briefly, each polymer film is irradiated with a single heavy ion having total kinetic energy 

~109 electronvolts (eV) followed by wet chemical etching. This irradiation step is 

performed at the Institute for Heavy Ions Research in Darmstadt, Germany. Chemical 

etching, which determines pore shape and diameter, is performed at UC Irvine. Track-

etched polymer pores (PET, PC, and Kapton) have carboxyl groups on the surface and 

pore walls, making the pores negatively charged in neutral and basic solutions. 

Additionally, the carboxyl group allows the pore to be chemically modified through amide 

bond formation with an amino group of a target molecule, detailed in chapter 2. 

As an alternative to polymer films, solid-state films are another system for 

nanopore research. Nanopores can be made in solid-state films by the track-etch method, 

like polymer films, but there are additional techniques made available to solid-state films 

(detailed in chapter 2), such as drilling by focused ion beam or electron-beam in a 

transmission electron microscope. Solid-state films are stable in all organic solvents of 

interest, making them very attractive options for researching ion transport in non-aqueous 

systems. Silicon nitride and silicon dioxide nanopores are terminated in silanol groups, 

which results in reported isoelectric points (pH when the surface has no net charge) 

ranging from 4-8.18–26 Silanol groups also allow the SiNx and SiO2 nanopores to be 

chemically modified with silane coupling, opening the pores up to many potential surface 

properties (described in chapter 2). Images of solid-state nanopores can be found in 

Figure 1.1B (glass micropipette) and 1.1C (SiNx film). 
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Other nanopore systems, although not directly discussed in this thesis, are ever 

expanding and exciting. Some notable systems and relevant references include: carbon 

nanotubes (CNT);27 molybdenum disulfide (MoS2);28 and graphene.29,30 

Although nanopore research is very diverse, not all nanopores are created equal. 

There has been a great scientific interest in preparing nanopores with diameters not only 

below 10 nm but even below 1 nm, making these structures comparable in size to 

biological nanochannels. These nanopores are often made in pursuit of new 

physicochemical phenomena that accompany ion and solvent transport. One example of 

an effect induced by nanoconfinement is ion selectivity. Ion selectivity will be detailed 

more in chapter 3, but briefly, a negatively charged nanopore, when in contact with an 

electrolyte solution, will be predominantly filled with positively charged ions. The ratio of 

positive to negative ions in a negative nanopore roughly correlates to its selectivity, with 

smaller diameter nanopores having the highest selectivity. To this end, much research is 

being done on extremely small nanopores. In fact, the Siwy lab is part of a Department of 

Energy (DOE) Energy Frontier Research Center (EFRC) called the Center for Enhanced 

Nanofluidic Transport (CENT), dedicated to investigating new scientific phenomena in 

single digit nanopores (SDN), or nanopores with diameters <10 nm. The EFRC is 

centered around investigating seven critical knowledge gaps in SDN systems, two being 

enhanced ion selectivity and nanoscale solvation seen in SDNs. I will be discussing my 

work in these knowledge gaps in chapters 4, 5, and 6. Details about CENT and the other 

critical knowledge gaps are found in Ref. [31]. 

Within the nanopore field, we are often inspired by the previously described 

biological nanochannels. We design our nanopore devices to mimic their surface 
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properties to try and achieve similar levels of selective transport, or design similar 

interfaces to better understand the fundamentals of nanoscale ion transport. These ideas 

inspired my PhD research and lead me on a scientific journey at the interface of physical 

chemistry, biophysics, and material science.  My dissertation focuses on nanopore 

devices, and in particular investigating non-traditional interfaces under nanoconfinement. 

The term non-traditional simply means interfaces that are not well described by our 

fundamental models of surfaces, described more in chapter 3. The fundamental models 

of charged interfaces are typically modeled in aqueous solutions, however many 

disciplines (energy storage, chemical purifications and separations, to name a few) utilize 

non-aqueous solvents for their nanoscale experiments. To that end, my first project 

investigated acetonitrile, a non-aqueous solvent, in a silicon nanopipette. Another missing 

component to our traditional models of charged interfaces is the importance of ion size 

and polarizability. Ions of the same charge are treated exactly the same, regardless of 

their size. However, my second and third project look at hydrophobic interfaces, where 

the charge and size of an ion actually dictates its distribution near the surface. Although 

non-traditional, the nanoconfined interfaces I explore in this dissertation are crucial to 

many aspects of science, including understanding the fundamentals of nanoscale ion 

transport, designing next-generation chemical separation devices, creating nanoscale 

drug delivery devices, and more.   
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Chapter 2: Fabrication and Modification Techniques for 

Nanopore Devices 
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Nanopore Material Synthesis 

Before we can fabricate nanopores, the pore material must be synthesized. 

Although we do not typically synthesize the pore material in the Siwy lab, it is important 

to understand the fabrication details. Information crucial to nanopore research, such as 

available chemical functional groups, charged surface species, and material stability, can 

be uncovered by understanding the fabrication process. 

Glass micropipettes are formed by pulling a heated glass tube symmetrically from 

both ends with varying force and pulling time.32 Different tip diameters are made by 

varying the force and pull time. Glass pipettes can be prepared easily and inexpensively, 

making them a common tool in nanopore research. An image of a glass pipette puller is 

shown in Figure 2.1. Glass pipette diameters I used in my research ranged from 400 – 

500 nm. 
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Figure 2.1: Image of glass pipette puller. A glass tube is first is slid into apparatus, with 
the center of the tube at the red arrow tip. Then a heating unit heats the center of the 
tube. Once red-hot, cables on both ends of the tube pull it in the direction of the orange 
arrows, stretching and shrinking the tubes. This process is called a “pull” and can be 
repeated multiple times to achieve the desired pipette dimensions. Image provided with 
permission from Mark Flaming. Copyright 2022 Sutter Instrument Company. 
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Polymer films are created by polymerizing monomer units together to form long 

molecular chains that are spin coated to create films. All nanopore devices I created in 

polymer films were made using the track-etch method, which is described in detail in the 

next section. Polyethylene terephthalate (PET) is synthesized through an esterification 

process between ethylene glycol and terephthalic acid at elevated temperature and 

pressure (Figure 2.2A).33 In the Siwy lab we purchase 12 micrometer (μm) thick PET films 

that we can create devices with just a single nanopore or over a billion nanopores as 

needed. Polycarbonate (PC) can be synthesized through a variety of routes, but the 

traditional method involves reacting a sodium hydroxide solution of bisphenol-A (BPA) 

with phosgene in dichloromethane (Figure 2.2B).34 Like with PET, PC films are 12 μm 

thick and can contain a single nanopore or over a billion. Kapton is synthesized through 

a condensation reaction between pyromellitic dianhydride and 4,4’-oxydianiline (Figure 

2.2C) in an aprotic dipolar solvent (e.g. N,N-dimethylformamide, DMF).35,36 The Kapton 

membranes we purchase are also 12 μm thick, with nearly identical pore control as in 

PET and polycarbonate films. Polymer films are excellent materials for creating 

nanopores with high aspect ratios (length to radius ratio of pore). 

The solid-state films we fabricate nanopores in are made through chemical vapor 

deposition (CVD). In CVD, chemical precursors (SiH4 or SiCl2H2 and NH3, typically for 

SiNx) are vaporized (if not already vapors) and transported over a substrate (silicon wafer) 

where the precursors deposit and react to form the insulating film (SiNx synthesis shown 

in Figure 2.3).37–39 The reason for the subscript “x” in silicon nitride is because the films 

are made of amorphous silicon nitride and can have varying Si/N ratios. Typically the 

amorphous ratio is roughly 3:4 silicon to nitrogen, making Si3N4 another common 
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abbreviation for the film.39 We believe the Si/N ratio in our films does not significantly 

influence our nanopore devices (as long as all the films are prepared the same), however 

it might influence the isoelectric point of the surface when in contact with an electrolyte 

solution. Films of SiO2 are also made with CVD by simply using different precursors 

(replacing NH3 with O2, typically).38 Films made with CVD have well controlled 

thicknesses (usually in the 10s of nm), which in turn allows us to create nanopores with 

well-defined lengths and small aspect ratios. By using films with a variety of thicknesses, 

we can straightforwardly investigate how pore dimensions influence transport properties. 
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Figure 2.2: Synthetic scheme for polymers utilized as films. (A) Synthesis of PET 
membranes. (B) Synthesis of polycarbonate membranes. (C) Synthesis of Kapton 
membranes. 

 

 

 

Figure 2.3: Simplified example of CVD. Precursor gasses are mixed and fed into the 
reactor where they adsorb to the substrate surface, diffuse on the surface, and react to 
form films. 
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Nanopore Fabrication  

To expand both the nanopore field and the general understanding of interfaces, 

nanopore fabrication techniques advanced to achieve smaller pores and more 

dimensional control. Nanopores can be fabricated in two general approaches: building 

the pore in negative space (i.e. creating everything surrounding the pore), or controllably 

destroying a material to make the pore (i.e. removing material to create the pore).  

The first approach (building the pore in negative space) is typically done through 

a common semiconductor fabrication technique called photolithography. I will only briefly 

detail this technique, as I did not use it for any work in this thesis. Nanopores made 

through photolithography utilize a sacrificial layer to create nanochannels (these are 

typically called nanochannels since they are often rectangular in shape and only have 

one dimension on the nanoscale). A few-nanometer-thick layer of sacrificial material is 

deposited onto a substrate using CVD. This layer can be manipulated by using masks to 

selectively etch portions (say, to achieve specific channel dimensions for length and 

width). Once the channel has appropriate length and width (remember, height is on the 

nm range and is controlled with CVD), a scaffold (of different material!) is built around this 

layer. The scaffold serves to protect the channel from debris, provide reservoirs for testing 

solutions, and to allow access to testing equipment, such as pellet electrodes. In the final 

step, the sacrificial layer is etched away using a chemical etchant, leaving a nanochannel 

with well-defined dimensions. A detailed technical description of this sacrificial layer 

process can be found in Ref. [40]. 

I will divide the second approach (controlled destruction to create the pore) into 

three categories: track-etching, drilling, and dielectric breakdown. Track-etching utilizes 
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heavy ions with ~GeV total kinetic energy that create damage tracks and wet chemicals 

to etch nanopores. Track-etching can be performed in both polymer and solid-state films 

and is the most straightforward way to fabricate films with a controlled number of pores—

between 1 and billions of pores per cm2. Drilling involves focusing ions or electrons of 

~keV energy, depending on the instrument, at a thin, solid-state film. The particles will 

have enough energy to controllably destroy the film in a small area and create a nanopore 

by eroding small amounts of material. Drilling can create nanopores with different shaped 

openings as well as multiple nanopores, although much slower than track-etching. In 

dielectric breakdown, a solid-state film is placed between two electrolyte reservoirs at 

different (large) voltages. The high voltage drop across the film induces film breakdown 

and creates a nanopore. The exact mechanism of dielectric breakdown is still being 

studied, but the technique can successfully and repeatedly create nanopores with varying 

diameters. These three techniques are methods I utilized in my graduate study to 

fabricate nanopores. Each has their benefits and drawbacks, which I will detail below. 

Track-Etch Nanopore Fabrication 

The track-etch method begins by irradiating the substrate (polymer or solid-state 

film) with high energy particles to generate latent damage tracks. This step is commonly 

performed by either bombarding the film with nuclear fission fragments or using ion 

beams from particle accelerators.41 The films we purchase are made using the second 

method at a linear accelerator (UNILAC) in the GSI accelerator center in Darmstadt, 

Germany. The 12 μm thick polymer films (PET, PC, or Kapton) are irradiated with heavy 

ions (such as U+) having extremely high kinetic energies (11.4 MeV), capable of 

penetrating ~100 μm thick polymer material.41,42 Since our polymer films are only 12 μm 
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thick, up to seven films can be stacked together and irradiated at the same time.  A 

detector placed behind the films quantifies how many ions penetrated the films. The 

number of ions penetrating the films is equal to the number of pores in the film once 

etched. To control the number of ions, the ion beam can be defocused and a metal shutter 

can block ions such that only one ion reaches the films. In this way, films with 1 to >109 

latent damage tracks per square centimeter can be made, producing films with the same 

number of pores once etched. 

To create the nanopores, a single polymer film is first irradiated with an ultraviolet 

(UV) lamp for one hour on each side. Treating the films with UV light helps prepare them 

for etching by increasing the track to bulk etching ratio.43 Next, the polymer film is placed 

in a conductivity cell and exposed to an etchant solution. The etchant used depends on 

the polymer film, with sodium hydroxide (NaOH) for PET and PC films and bleach (NaOCl) 

for Kapton films.41 Depending on the desired pore geometry, etching solution is either 

placed on both sides (cylindrical pores) or only one side (conical pores) of the conductivity 

cell. A key aspect for controlling pore geometry is manipulating the ratio between the track 

etch rate (vt) and the bulk etch rate (vb). At room temperature vt is only slightly greater 

than vb. Thus, when making a conical pore, the etching solution is at room temperature 

and only placed on one side of the film and a neutralizing solution (formic acid) on the 

other side (Figure 2.4A). As the etching solution travels along the damage track, more of 

the path is exposed to the etchant (vb) and the pore base grows. Once the etchant 

reaches the other side of the film, the solution is neutralized by the formic acid. This 

asymmetric etching procedure creates a conical pore. 
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On the other hand, cylindrical pores are created when vt is much greater than vb. 

By using elevated temperature, the ratio between vt and vb increases such that the 

damage track is completely etched before significant bulk etching occurs. In addition, 

etchant is placed on both sides of the film, ensuring symmetrical geometry. Thus, all parts 

of the pore are etched at the same rate (vb), creating a cylindrical pore (Figure 2.4B).  

Although not currently used in the Siwy lab, previous members created nanopores 

in track-etched solid-state films, such as SiNx. Silicon nitride films are irradiated with 

energetic Bi or Xe ions and subsequently etched with hot phosphoric acid (H3PO4) or 

hydrofluoric acid (HF).7 Manipulating the vt and vb ratio is generally employed in most 

track-etching systems to control pore geometry. Regardless of if etching a single 

cylindrical or 109 conical pores, the track-etching process is monitored electrochemically 

and will be detailed after the fabrication sections of this chapter. 
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Figure 2.4: Nanopore wet etching mechanisms. (A) Conical nanopores are 
asymmetrically etched at room temperature. (B) Cylindrical nanopores are symmetrically 
etched at elevated temperature. Note: figure not drawn to scale. 
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Drilling Nanopore Fabrication 

Drilling nanopores is achieved by using particles with ~keV energy to selectively 

destroy, or drill, a solid-state film. These particles are either ions or electrons. The 

technique utilizing ions is called Focused Ion Beam (FIB) and is usually used in 

conjunction with a scanning electron microscope (SEM). For nanopores drilled with 

electrons, a transmission electron microscope (TEM) is used. Both SEM and TEM are 

forms of microscopy that utilize electrons, instead of light, to visualize their target. To 

generate electrons shot at the sample, an electron source, likely tungsten (W) or 

lanthanum hexaboride (LaB6), is heated (thermionic source) or has a large electric 

potential applied to it (field-emission source).44 The generated electrons are then focused 

through a complex system of lenses and finally into the sample. In TEM the electron 

detector is placed under the target, and only electrons that pass through the target will hit 

the detector and create an image. For SEM, electrons that bounce off the sample form 

the image. Thus, pores will appear as bright spots in TEM images (Figure 2.5A) and dark 

spots in SEM images (Figure 2.5B). Both FIB and TEM drilling can create pores with 

diameters below 100 nm, down to <1 nm in TEM, but require expensive instrumentation. 

In addition, the device fabrication time for TEM is significantly slow, usually taking over 

an hour to create one nanopore (FIB is around five times quicker). Although these drilling 

techniques are resource-intensive, they give superb control on nanopore opening 

diameter and provide high quality images of drilled nanopores, easily proving their size. 
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Figure 2.5: Nanopores fabricated (and imaged) in (A) TEM and (B) FIB/SEM with 
indicated diameters. Diameter size given in image. Image (B) courtesy of Rachel Lucas. 

 

Focused Ion Beam drilling is performed under vacuum, typically in the same 

chamber as an SEM. A solid-state film is first brought into focus with the SEM and then 

bombarded with ions from the FIB. One advantage of SEM/FIB nanopore fabrication is 

that multiple devices can be placed in the imaging chamber at the same time, allowing 

for higher throughput than TEM drilling. Gallium is the most commonly used ion source in 

FIB due to its low volatility, inert chemical nature with tungsten, and low melting 

temperature.45 Liquid gallium is fed through a tungsten needle and a large electric field 

pulls the gallium out and ionizes it to Ga+.46 The Ga+ is accelerated towards the sample 

and enters the sample, spreading the energy through the sample, resulting in expulsion 

of a particle. This mechanism is called sputtering, and results in selective damage to the 

sample, creating a nanopore. Film thickness is not a large issue with FIB drilling, since 

thicker films simply need to be drilled for longer periods of time or with a larger beam 

current. Nanopores drilled with FIB have diameters in the 10s of nanometers but are 

capable of being shrunk to the single-digit nanometer scale.47 Nanopore shrinking is a 

technique where you hold the pore in focus of an electron beam (from SEM or TEM) for 

a set amount of time. As the local area is heated from the beam, film material flows on 
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the surface and into the pore, shrinking the diameter.47 When shrinking a nanopore the 

instrument operator must be meticulous, as focusing the beam for too long or at too high 

of magnitude can actually enlarge the pore. Fabricating nanopores and manipulating their 

dimensions with high energy particles is an art as much as it is a science. 

The other drilling technique utilizes electrons, instead of ions, in a TEM to 

selectively destroy the solid-state film. A single solid-state film is inserted into the 

instrument and placed under vacuum. It takes 20–30 minutes for the vacuum to reach 

appropriate operating pressure. Pulling vacuum is the bottleneck for TEM drilling, since 

traditional TEM blades can only hold one sample. Compared to SEM/FIB drilling, where 

>10 samples can be placed under vacuum at the same time, TEM drilling has significantly 

lower throughput. Once sufficient vacuum is pulled, the electron beam is focused on a 

single point and held for a few minutes. The high-energy electrons are accelerated into 

the sample, displacing and ejecting (sputtering) atoms from the surface.44 The electrons 

also heat the sample, which can shrink the pore as mentioned above. After drilling the 

beam is spread and an image of the pore can be captured immediately. 

What TEM drilling lacks in throughput it makes up for in nanopore dimensions. 

Nanopores drilled in TEM are typically under 10 nm in diameter before shrinking. With 

enough practice shrinking, it is possible to fabricate a nanopore with diameter less than 

1 nm in a TEM. Recalling from chapter 1, many biological nanopores have diameters less 

than 1 nm, making TEM drilling an ideal system for mimicking the small dimensions of 

biological nanopores. 
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Dielectric Breakdown Nanopore Fabrication 

Dielectric Breakdown (DB) is a relatively new method for fabricating nanopores. 

While track-etching requires a linear accelerator and drilling requires expensive 

microscopes, DB is a benchtop technique that only requires a voltage source (to create 

the pore) and a picoammeter (to electrochemically monitor pore formation).48 In dielectric 

breakdown, a solid-state film (SiNx, for example) is placed between two electrolyte 

solutions and a large (≥10 V) transmembrane potential is applied. The breakdown 

process is hypothesized to have four main steps, summarized in Figure 2.6A–D. When 

the large transmembrane potential is applied, an electric field is produced in the solid-

state film, polarizing it, and charging the surface with opposite-charged ions (Figure 2.6A). 

Cations on the positive electrode side are pushed towards the surface and anions on the 

negative electrode side are pushed towards the surface. Ions at the solid-state film 

surface undergo redox reactions and electrons/holes can tunnel through the film through 

traps (defects in the membrane, white boxes in Figure 2.6B). The electric field can also 

induce bond breaking and produce defects. As breakdown continues, defect sites localize 

(Figure 2.6C), and eventually a discrete breakthrough event occurs and forms a nanopore 

(Figure 2.6D).48 The entire breakdown process is tracked with ion-current measurements 

(Figure 2.6E) and pore formation is indicated by an increase in current (indicated with 

green arrow in Figure 2.6E). In the example shown in Figure 2.6E, the current increased 

by ~60 nA and the fabricated pore was ~12 nm. Since dielectric breakdown is a 

somewhat stochastic process, the etching times can vary from a few minutes to a few 

hours. When initially applying the voltage, there will be a large current spike due to 

capacitive charging (few μA) that will slowly decrease down to 10s of nA, unless a pore 

is formed before that point. The residual current is called leakage current and is attributed 
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to the defect-assisted electron tunneling, as shown in Figure 2.6B and C.48 As shown in 

Figure 2.6E, a pore formed after only a few minutes. Once a pore is formed, the diameter 

can be widened by applying a slightly lower voltage and monitoring the current increase. 

Although DB is less resource intensive as drilling techniques, it does not provide an image 

of the pore, cannot shrink pores, and sometimes fails to create a pore after many hours. 

The trade-off for avoiding expensive electron microscopes comes at a price! 
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Figure 2.6: Dielectric breakdown process to fabricate nanopores. (A) A large 
transmembrane potential creates an electric field within the SiNx film and attracts opposite 
ions. (B) Ions at the SiNx surface can undergo redox reactions and electrons/holes can 
tunnel through the film via trap-assisted transport and produce leakage current. The large 
electric field and electron/hold tunneling can break bonds and generate heat, increasing 
the number of defect sites. (C) Induced defect sites localize along a path. (D) A distinct 
breakdown event occurs, and a nanopore is formed. Breakdown is classified as an 
irreversible current increase. (E) Current-time trace for dielectric breakdown. Inset shows 
the current increase due to nanopore formation. The formed nanopore diameter was 12 
nm. Figure adapted with permission from Kwok, H.; Briggs, K.; Tabard-Cossa, V. 
Nanopore Fabrication by Controlled Dielectric Breakdown. PLOS ONE 2014, 9 (3), 
e92880.48 Copyright 2014 Kwok et al. 

 

Electrochemical Monitoring of Nanopore Formation  

Nanopore track-etching and dielectric breakdown are tracked electrochemically 

using a picoammeter. We do not electrochemically track nanopore formation with drilling 

techniques since we will have an image of the fabricated pore from the associated 

electron microscope (although we still electrochemically confirm their presence). We use 

a picoammeter to track nanopore formation because nanopores follow the same laws of 

physics as that of a metal wire, but instead of electrons flowing through a metal wire there 

are ions flowing through the nanopore. The geometry and dimensions of the nanopore 

will dictate the ion flow. In our system, the nanopore acts as a resistor since it is restricting 

the flow of electrolyte. Thus, we can utilize fundamental physics of resistors to model our 

nanopore systems. 

According to Ohm’s Law, when a voltage is applied across a conductive path, 

current will flow by a factor of the resistance. In equation terms, Ohm’s law reads: 

𝑉 = 𝐼𝑅 → 𝐼 =
𝑉

𝑅
 (2.1) 
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where V is voltage, I is current, and R is resistance. From this law, when a constant 

voltage is applied a system with larger resistance will produce less current than a system 

with a smaller resistance. Comparing this to a nanopore, a larger nanopore will be less 

restrictive (lower R) to electrolyte flow, thus producing more current (higher I). On the 

other hand, a smaller nanopore is more restrictive (higher R) to electrolyte flow, producing 

less current (lower I). If there is no pore in the film, the system resistance is extremely 

large and practically zero current will be measured.  

We utilize Ohm’s Law to help track nanopore creation during track-etching conical 

nanopores (cylindrical nanopores are etched based off bulk etch rate). Pore formation is 

monitored by applying a small voltage (1 V) across the film and measuring the produced 

current. At the start of the etching, no pores exist in the film, meaning the system has 

extremely high resistance and virtually no current is flowing. When a pore is formed, 

electrolyte beings to flow through the film, producing current we measure on a 

picoammeter. Pore breakthrough usually occurs once the current becomes finite (~0.1 – 

0.2 nA, Figure 2.7). Etching can be continued as different experiments and projects 

require specific nanopore geometries. To halt the etching process, etchant is removed 

and the pore is flushed with neutralizing solution (formic acid neutralizes NaOH and 

potassium iodide (KI) neutralizes NaOCl). 
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Figure 2.7: Current-time measurements for a nanopore during track-etching. Pore 
breakthrough occurs at ~248 minutes. Reprinted by permission from Springer Nature 
Customer Service Centre GmbH: Springer, Applied Physics A: Materials Science & 
Processing, Electro-responsive asymmetric nanopores in polyimide with stable ion-
current signal, Siwy, Z., Dobrev, D., Neumann, R., Trautmann, C., Voss, K, Copyright 
2003 Springer-Verlag.49 

 

Measuring nanopore dimensions  

After the etching solution is neutralized the pore size can be characterized. There 

are a few ways to determine pore size, with each method having advantages and 

disadvantages. The most straightforward way is to view the cross-section of a pore using 

a microscope. Every microscopy technique has a resolving power—the smallest 

resolvable distance between two features—that scales with the wavelength of source 

radiation.38 Optical microscopy uses visible light photons (400 – 800 nm wavelength) and 

can resolve down two a few micrometers. Since our nanopores are much smaller than 

the resolving power of optical microscopes, it is impossible to see the pores using visible 

light. However, electron microscopy utilizes electrons—with wavelengths <1 Å— instead 



32 
 

of visible light photons to probe the sample surface, allowing them to resolve down to ~1 

nm.38 In a scanning electron microscope (SEM), electrons are shot at the sample and can 

either knock an electron out of the sample (secondary electron) or bounce off from the 

sample (backscattered electrons).50 Both of these mechanisms produce signals that are 

collected by a detector and a computer interprets the resulting electron current to create 

a visible image. Since most of our research is focused on pores less than 10 nm in 

diameter, utilizing electron microscopy is one key technique to visualize our nanopore 

geometry.50 

I previously described how SEM/FIB and TEM drilling are advantageous because 

the pores can be directly imaged after drilling them. However, for pores created with other 

techniques, imaging the pores is a slightly more sophisticated process. To view the cross-

section of a nanopore in a track-etched film, the film must first be embrittled and then 

cleaved in half. The polymer films are embrittled by exposing them to ultraviolet (UV) light 

(310 – 320 nm wavelength) for 10+ hours.51 By using UV light to embrittle the films, 

instead of, say, freezing the film in liquid nitrogen, the pore structure remains intact.52 

These cleaved films are then viewed under SEM. Cross-sectional SEM gives valuable 

insight into etching rates and pore geometry, as you can directly measure the pore 

diameter and length and evaluate the geometrical shape. An example of a cross-sectional 

SEM image for a polymer film is shown in Figure 2.8 (a cross-sectional SEM image of a 

SiNx pore is in Figure 1.1C). Although this sizing method gives exquisite detail on 

nanopore geometry, it also destroys the sample and can only be performed on a film with 

109 pores, making it an impractical technique if samples need to be further tested. 
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Figure 2.8: Cross-sectional SEM image of track-etched polymer pores. Reprinted from T. 
E. Gomez Alvarez-Arenas; P. Y. Apel; O. Orelovitch. Ultrasound Attenuation in Cylindrical 
Micro-Pores: Nondestructive Porometry of Ion-Track Membranes. IEEE Transactions on 
Ultrasonics, Ferroelectrics, and Frequency Control 2008, 55 (11), 2442–2449.53 
Copyright 2008 IEEE.  

 

A non-destructive way to size a single nanopore is using ion current 

measurements. In the previous section, I described how our nanopores are modeled as 

resistors, and we can use this to our advantage when sizing the pores. As stated in Ohm’s 

law, voltage, current, and resistance are all related. This means that by applying a voltage 

and measuring the current produced, we can determine the resistance of the system, 

which gives insight into the nanopore size. The system includes the silver/silver chloride 

(Ag/AgCl) electrodes, which apply the voltage and measure ion current, the electrolyte (1 

M KCl), and the nanopore (Figure 2.9). The key aspect of our experimental setup is the 

two reservoirs are separated only by the nanopore. Thus, it is straightforward to 

understand the ion transport physics since we know the ions are traveling through the 

nanopore.  

 

1 μm 
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Figure 2.9: Experimental setup for polymer nanopore experiments. Two electrolyte 
reservoirs are separated by a film containing a single conical nanopore. The system is 
electronically connected to the picoammeter with Ag/AgCl electrodes. 

 

Since all parts of the experimental setup are all in series, the measured resistance 

value for the system will be the sum of the resistances of each part. However, the 

nanopore’s resistance is typically in the mega- (106) or giga- (109) ohm range, while the 

electrolyte and electrode resistances are together usually less than a kilo- (104) ohm.54 

Thus, since the nanopore’s resistance dominates the system (99 to 99.999% of total 

resistance), we attribute all the measured resistance to the nanopore.  

Ohm’s law also predicts a linear response between applied voltage and measured 

current. In symmetric experimental conditions with a geometrically symmetrical 

(cylindrical) nanopore, we observe a linear current-voltage response (Figure 2.10C). 

However, asymmetric current-voltage response occurs when there is electrochemical 

asymmetry in the system, such as asymmetric geometry or surface charge distribution, 

or electrolyte concentration gradients. An asymmetric current-voltage response is called 

|

+

A
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ion-current rectification and is a very important part of nanopore research. More time will 

be dedicated to ion-current rectification in the theory chapter. 

To calculate the nanopore diameter using ion current measurement, we first must 

make some assumptions. For cylindrical pores, we assume the geometry is a perfect 

cylinder, and we model the pore as a cylindrical resistor. Cylindrical resistors have their 

resistance defined as: 

𝑅 =
4𝐿

𝜎𝜋𝑑2
 (2.2) 

where L is the pore length (i.e. film thickness), σ is bulk conductivity (~10 S m-1 for 1 M 

KCl), and d is pore diameter (Figure 2.10A). Because the films have a known thickness 

(12 μm for PET and Kapton films), the nanopore length is also known (experimentally the 

length does decrease by the size of the diameter, however this does not strongly impact 

the sizing). The resistance is determined by sweeping voltage and monitoring current, 

which is then plotted as shown in Figure 2.10C. The voltage range for sizing is typically 

from -100 to 100 mV because low magnitude voltage regions produce the most linear 

voltage responses. Larger voltage ranges can be used for cylindrical pores, as shown in 

Figure 2.10C, since they will still produce a linear current-voltage response at 1 V. The 

slope from the current-voltage curve is equal to the pore conductance (inverse of 

resistance) as described by Ohm’s Law. We then plug the resistance into the equation 

for a cylindrical resistor and can determine the pore’s diameter. This model is most 

appropriate when using high concentrations of electrolyte, as the surface effects are 

sufficiently screened (described in theory chapter).48,55 
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When sizing conical pores, there are two different diameters to consider: the small 

tip diameter, d, and the large base diameter, D (Figure 2.10B). A simplified analytical 

solution for a conical resistor takes the following form:56 

𝑅 =
4𝐿

𝜎𝜋𝑑𝐷
 (2.3) 

where d is the tip diameter and D is the base diameter; R, L, and σ are system resistance, 

pore length, and bulk conductivity, respectively. The derivation of this approximation is 

detailed in Refs. [43,56]. The base diameter (D) is calculated from the bulk etch rate (e.g., 

2.13 nm per minute for PET films in 9 M NaOH at 25 °C), since the base diameter begins 

etching at roughly the bulk etch rate. The tip diameter is determined from the pore’s 

resistance and using the above equation. 
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Figure 2.10: Electrochemically sizing polymer pores. (A) Cylindrical pores. (B) Conical 
pores. (C) Current-voltage scan for a 1 μm cylindrical pore. 

 

The above sizing equations fit well for nanopores with high aspect ratios (i.e., pores 

with lengths many times larger than their diameters). However, as nanopores are made 

in thinner and thinner films we must include an additional resistance term called access 

resistance. Access resistance is produced when the lines of electric field converge from 

the bulk to the pore mouth.57,58 Access resistance is derived by considering the resistance 
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between a circular conductive disk (at the pore opening) and a half-spherical electrode at 

infinite distance.57 When sizing, the access resistance term is doubled due to 

contributions from both ends of the pore.58 When combined, the pore sizing resistance is 

as follows: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑐ℎ𝑎𝑛𝑛𝑒𝑙  2𝑅𝑎𝑐𝑐𝑒𝑠𝑠 =
4𝐿

𝜎𝜋𝑑2
 2 ∗ (

1

2𝜎𝑑
) (2.4) 

where L is pore length, σ is bulk conductivity, and d is pore diameter. Sizing these pores 

with ion current measurements is done in the same way as longer pores, but the L term 

will be on the order of nanometers instead of micrometers. 

Measuring pore diameter by using a conductance model listed above gives a fair 

approximation on the pore diameter without using expensive microscopes or destroying 

the sample. However, the models require a few key assumptions for pore properties, such 

as having only a single pore present, ignoring surface effects on pore resistance, or 

having a perfectly cylindrical (or conical) pore, to name a few. Based on the fabrication 

technique used, one or more of these assumptions might be somewhat incorrect, such 

as TEM-drilled pores having an hourglass shape instead of a perfect cylinder.59 That 

being said, the conductance-based model has been shown to be an accurate estimate of 

nanopore opening diameter based on TEM imaging and DNA translocation 

experiments,48,59 although it is still being actively researched to this day. 
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Chemical Modification of Pore Surface 

As prepared pores will have surfaces like the bulk material in which they were 

fabricated. For example, PET pores will be terminated in carboxylic acid groups with pKa 

values around 4 – 5.60 Thus, when studying a PET pore at pH 8, the surface will be 

negatively charged due to the deprotonated carboxylic acid groups. Depending on the 

scientific question a specific project is working to answer, a negatively charged surface 

might be sufficient. However, different experiments require different surface chemistry 

within the pore. Pores are susceptible to similar surface chemistry modifications as bulk 

materials, opening the devices up to many modification techniques. Here I will describe 

three techniques I used extensively during my research projects. 

The first surface modification technique I learned, and one commonly used in thin-

film research, is electrostatic attachment of a polyelectrolyte. Polyelectrolytes are large, 

highly charged polymers that have a strong electrostatic attraction to substances with the 

opposite charge. In electrostatic attachment, a charged polyelectrolyte is exposed to an 

oppositely charged surface and adsorbs to the surface.61 The polyelectrolytes are 

selected such that they have enough charged groups to overcome and invert the native 

surface charge. In this way, we can change any negatively charged pore into a positively 

charged pore, or vice versa. For example, to modify our PET pores to have a positive 

surface charge, we expose the pores to a positively charged polyelectrolyte (e.g., 

poly(allylamine); process shown in Figure 2.11). 
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Figure 2.11: Electrostatic attachment of polyelectrolytes to pore surface. A surface 
terminated in negatively charged, deprotonated carboxylic acid groups is exposed to the 
positively charged polyelectrolyte, poly(allylamine). The surface is rendered positively 
charged. 

 

Another powerful modification technique for silicon-based nanopores is silane 

coupling. Silane coupling creates a bond between a silicon substrate and an organic 

group. There are nearly endless possibilities for the organic group, which opens our 

silicon-based nanopore devices to many interesting solid-liquid interfaces and an equal 

number of fascinating scientific questions. Silane coupling agents are molecules with a 

silicon atom bonded to an organic group and alkoxy groups. When exposed to water, the 

alkoxy groups hydrolyze to silanol groups, which then coordinate with hydroxyl groups on 

the silicon surface.62 Once heated, water is removed and a siloxane bond is formed, 

connecting the organic group to the nanopore surface (Figure 2.12).  
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Figure 2.12: Silane coupling with pore surface. A silicon surface is covalently bonded to 
an organic group (purple R in figure) through a silane coupling agent. The vast diversity 
of R groups allows us to introduce unique molecules into our nanopore devices. 

 

 Another way to introduce various organic molecules into our nanopores is through 

the third method, EDC coupling. EDC coupling is a crosslinking reaction that bonds a 

carboxylic acid group with a primary amine, forming an amide bond.63,64 This technique 

can be used on a carboxylic acid terminated pore, such as PET, to introduce any group 

that has a primary amine. For example, our group used EDC coupling to decorate a 

carboxylic acid terminated nanopore with DNA and crown ethers.65 The EDC coupling 

mechanism involves first exposing the carboxylic acid surface to EDC (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide)) to form an unstable intermediate O-acylisourea.64 

This intermediate can then be reacted with the primary amine to form an amide bond, 

completing the coupling. However, the O-acylisourea intermediate can quickly hydrolyze 

in aqueous solutions, meaning that the coupling process can be slow or outright fail 

without an activation step. To make our EDC coupling more efficient, we expose the 

carboxylic acid surface to EDC and an excess of N-hydroxysulfosuccinimide (sulfo-NHS). 
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The sulfo-NHS reacts with the O-acylisourea intermediate, forming a sulfo-NHS ester 

intermediate that is very reactive towards amine groups.64 The sulfo-NHS activation step 

ensures a fast and efficient coupling reaction. The entire EDC/sulfo-NHS modification 

mechanism is shown in Figure 2.13. 

With these modifications we can modulate a nanopore surface to have a specific 

surface charge, chemical functional group, wettability, or other property. Every physical 

and chemical aspect of a nanopore’s surface strongly influences the transport through 

the nanopore and has direct applications to pore selectivity. In the next chapter I will 

describe the theory of ion transport through our nanopore devices and shed light on the 

importance of surface modifications. 

EDC

O-acylisourea 

intermediate

Sulfo-NHS
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Figure 2.13: EDC coupling with sulfo-NHS activation. A carboxylic acid terminated 
nanopore is exposed to EDC to form an O-acylisourea intermediate that quickly reacts 
with sulfo-NHS to form a sulfo-NHS ester intermediate. The nanopore is then exposed to 
the desired anime-terminated group. The amine group reacts with the sulfo-NHS 
intermediate to create an amide bond and complete the coupling. 
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Chapter 3: Theory of Transport Phenomena 
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Charged Surfaces 

Surface chemistry plays a crucial role in nearly every aspect of nanopore research. 

Our nanopore materials are often negatively charged when immersed in an electrolyte 

solution at neutral pH due to chemical functional groups at the surface. The surfaces of 

PET pores are covered in carboxylic acid groups with pKa values around 4.66 This means 

that if we buffer our test solutions at pH 8, the entire pore surface will be covered in 

deprotonated carboxylic acid groups, rendering a negatively charged surface. In bulk 

electrolyte solution, positive ions (cations) and negative ions (anions) are evenly 

distributed. However, when a negatively charged surface is immersed in an electrolyte, 

counterions (in this case cations) will accumulate at the interface to maintain 

electroneutrality – the negatively charged wall will be offset by positively charged ions. 

The accumulation of counterions forms what is known as the electrical double-layer 

(EDL), which is shown in Figure 3.1. As more research is done on the EDL, modifications 

to the original models are continuously discovered (one such modification is detailed in 

Chapter 4). For this thesis, I will describe the general description of the EDL for traditional 

solid-liquid interfaces.  

The EDL is broken up into different sections, including the Stern (immobile) and 

Debye (mobile) layers.67 The Stern layer corresponds to the immobile, first layer of ions 

on the surface, whereas the Debye layer is the diffuse, mobile layer of counterions and 

co-ions (Figure 3.1). The Stern layer is an example of one such modification to the EDL. 

Stern reasoned that an ion with a finite size is not able to get closer to the surface than 

its own ionic radius.67 This distance is called the inner Helmholtz plane. However, the ions 

can also be solvated, adding another region to the EDL called the outer Helmholtz plane. 
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The Stern layer encompasses both the inner and outer Helmholtz planes. After the Stern 

layer comes the diffuse, mobile layer. The electrostatic description of the diffuse layer is 

described next.  

The electrical potential and ion distribution in the Debye layer are well described 

by the Poisson-Boltzmann (PB) equation that treats ions as point charges and the solvent 

as a structureless dielectric medium.67 I will start with describing an infinite charged plane, 

and the Poisson equation that describes the distribution of electric potential due to any 

charge density: 

∇2𝜙 =  
ρ

ε0εr
 (3.1) 

where ∇2 is the Laplace operator, ϕ is the electric potential, ρ is the charge density, ε0 is 

the permittivity of free space, and εr is the permittivity of the solvent (water, in our 

example). The charge density in an electrolyte solution is dependent on the number and 

charge of ions present, given by: 

𝜌 = 𝑒∑𝑛𝑖𝑧𝑖
𝑖

(3.2) 

where e is the charge on an electron, ni is the ion volume density for ion i, and zi is the 

charge of ion i. In bulk solution, the charge density for positive and negative ions cancels 

each other out since there are equal amounts, creating a neutral solution. However, the 

number of cations and anions are not equal in the EDL and vary based on the distance 

(z) from the charged wall. The ion density is determined from Boltzmann statistics and 

yields the Boltzmann equation: 
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𝑛𝑖 = 𝑛𝑖
∞ exp (

 𝑧𝑖𝑒𝜙

𝑘𝐵𝑇
) (3.3) 

where 𝑛𝑖
∞ is the bulk ion volume density (𝑛𝑖

∞ = 1000𝑁𝐴𝑐𝑖), NA is the Avogadro constant, 

ci is bulk electrolyte concentration, kB is the Boltzmann constant, and T is temperature. 

Combining Eqs. 3.1, 3.2, and 3.3 yields the Poisson-Boltzmann equation, which describes 

the electrostatic potential due to a distribution of ions:67 

∇2𝜙 =
d2𝜙

𝑑𝑧2
=  

ρ

ε0εr
=  

𝑒

ε0εr
∑𝑧𝑖
𝑖

𝑛𝑖
∞ exp (

 𝑧𝑖𝑒𝜙(𝑧)

𝑘𝐵𝑇
) (3.4) 

The Poisson-Boltzmann equation (Eq. 3.4) can be analytically solved by assuming a small 

surface potential (𝑧𝑖𝜙0 < 25.7 mV at 25 °C) and expanding the exponential:67 

∇2𝜙 =
d2𝜙

𝑑𝑧2
= 𝜅2𝜙(𝑧) (3.5) 

where z is distance from the charged planar surface, and  

𝜅 = (
𝑒2∑ 𝑧𝑖

2
𝑖 𝑛𝑖

∞

ε0εr𝑘𝐵𝑇
)

1
2

 (3.6) 

This approach is called the Debye-Hückel (DH) approximation, and κ is referred to as the 

Debye-Hückel parameter.67 However, the more popular term is the Debye length, λD, the 

inverse of κ. The Debye length is often considered the characteristic thickness of the 

Debye layer. When Eq. 3.5 is analytically solved with the boundary conditions of ϕ(z) = 0 

as z → ∞ and ϕ0 is equal to the surface potential, the solution is:67 

𝜙(𝑧) = 𝜙0 exp( 𝜅𝑧) (3.7) 
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This solution shows that at a distance from the charged wall equal to one Debye length, 

the electrostatic potential decays by a factor of e (≈2.718). This decay is seen in the 

potential curve of Figure 3.1. As mentioned above, the DH approximation treats ions as 

point charges, and the Stern modification accounts for the finite size of ions and their 

hydration radius. Therefore, the potential drop across the Stern layer is a linear decrease, 

not exponential.  

We typically use 3λD as an approximate length for the total surface charge 

screening length, since at 3λD the surface potential has decayed by ~95%. For a 

symmetric electrolyte (one anion for every one cation) in water at 25 °C, the Debye length 

(in nanometers) is:  

𝜆𝐷 =
0.304

𝑧𝑖√𝑐𝑖
 (3.8) 

For example, one common test solution, 0.1 M KCl, has a λD of 1 nm. It is important to 

note these length scales are very similar to the biological nanopore diameters described 

in Chapter 1. One main method of selectivity in nanoconfinement is utilizing the EDL to 

screen ions of a certain charge. Since the EDL has enhanced concentrations of 

counterions, if the EDL spans the entire nanopore, the entire cross-section of the pore 

will be filled with the enhanced counterion concentration. In this way, with small enough 

nanopores, we can create ion-selective transport such that only counterions can pass 

through the pore when electric field is applied. 

The Debye-Hückel approximation assumed a small surface potential. However, in 

cases with high surface potential, the PB equation for a system with an infinite charged 

plane can only be analytically solved by assuming a symmetrical electrolyte (𝑧− = 𝑧+). 
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This approach is called the Gouy-Chapman (GC) model. The solution to the PB equation 

(Eq. 3.4) using the GC model is:67 

tanh (
𝑧𝑖𝑒𝜙(𝑧)

4𝑘𝐵𝑇
) = tanh (

𝑧𝑖𝑒𝜙0
4𝑘𝐵𝑇

) exp( 𝜅𝑧) (3.9) 

It is important to note that for small values of x, tanh(x) ≈ x, which would reduce Eq. 3.9 

to Eq. 3.7, showing how the two models are related. 

Figure 3.1. The electrical double-layer. A negatively charged surface submerged in an 
electrolyte solution creates an enhanced concentration of counterions (cations here) in 
the surrounding region. The electrostatic potential from the charged surface decays away 
from the surface in a linear manner in the Stern layer and then exponentially in the Debye 
layer. Figure adapted with permission from Probstein, R. F. Solutions of Electrolytes. In 
Physicochemical Hydrodynamics: An Introduction, 2nd ed.; Wiley: New York, 2005; pp 
165–210.68 Copyright 2005 John Wiley & Sons, Inc. 
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Ion Transport Phenomena 

The previous discussion was for charged surfaces submerged in an electrolyte 

without external stimuli. However, one of the largest parts of my research is studying the 

consequences of the EDL, specifically how it influences ion transport within nanopores. 

To introduce the topic of ion transport, I will begin with an example. I previously described 

a situation where a nanopore has a diameter of similar length to the EDL. Here we will 

consider a positively charged pore. Let us also assume the diameter is small enough that 

only counterions (anions) fill the pore (Figure 3.2A). Now we have a situation where the 

pore is only filled with anions and only anions can enter the pore. Now comes the most 

interesting part: we apply an external stimulus to push another anion into the pore. What 

will happen? As one anion enters the pore, one anion must exit the pore to maintain 

charge neutrality (Figure 3.2B). Then another anion enters, and the process repeats itself. 

What I just described is an ion-selective nanopore: this nanopore will only allow the 

transport of negatively charged ions. This is example of one of the consequences of EDL 

overlap within our pores and how we study the system.  

Figure 3.2. Nanopore with ideal anion selectivity. (A) A small, positively charged nanopore 
is completely filled with counterions. (B) When an external stimulus pushes one anion into 
the nanopore, one anion leaves. No cations can transport through the pore. Black arrows 
represent the flux for the negative ions. 
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When ions transport through a solution it is considered mass transfer. Mass 

transfer can occur from three different phenomena: diffusion, migration, and convection. 

Diffusion and migration occur when there is an electrochemical potential gradient in the 

system, and convection occurs due to an imbalance of forces in the solution. The total 

flux of an ion is the sum of the three individual contributions and takes the form of the 

Nernst-Planck (NP) equation:67 

𝑱𝑖 =  𝐷𝑖∇𝒄𝑖  
𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝒄𝑖∇ϕ ± 𝐯c𝒄𝑖  (3.10) 

where Ji is the flux for ion I, Di is the diffusion coefficient for ion I, F is the Faraday 

constant, R is the gas constant, and vc is the solution velocity. The Nernst-Planck 

equation combines Fick’s first law (molecule diffusion due to concentration gradient), and 

migration due to electric potential. The last component of Eq. 3.10 describes convective 

transport. In a charged nanopore system this term often describes electroosmosis, which 

can be ignored in cases with small pore diameters,69 leaving us with the following modified 

NP equation: 

𝑱𝑖 =  𝐷𝑖∇𝒄𝑖  
𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝒄𝑖∇ϕ (3.11) 

which describes the flux of ions in our nanopore system. The first term describes that an 

ion will move down a concentration gradient (that is, from high to low ion concentration) 

by a factor of its diffusion coefficient. The second term expresses how an ion will migrate 

due to an electric potential gradient. Upon examination, ions with identical diffusion 

coefficients and spatially homogeneous concentrations but different charges (i.e., zi = +1, 

zj = -1) will have equal and opposite flux under an electric potential gradient. 
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Let us connect the above NP equations to our nanopore with ideal anion selectivity. 

We first must additionally describe key parameters of the system. We assume the 

nanopore’s surface charge is homogeneous (e.g., there are no regions of the pore with 

higher or lower positive charge), and the pore is separating two electrolyte reservoirs with 

identical salt concentrations. The pore is also sufficiently small such that we can ignore 

contributions from electroosmosis.69 In this situation there is no electrolyte concentration 

gradient, and without an external stimulus (e.g., an electric field), the nanopore system is 

at equilibrium and there is no ionic flux (all terms in Eq. 3.10 are zero; J+ = J- = 0) . Upon 

the addition of an external stimulus (electric field), we know from the NP equations that 

there will be an associated mass transfer. From Eq. 3.10, we know an electric field will 

induce flux proportional to the ion’s charge, diffusion coefficient, and concentration. One 

might be inclined to conclude that the positive and negative ions will simply have the 

opposite flux by a factor of their diffusion coefficient. However, we must remember that 

the nanopore is completely filled with the EDL, meaning there are no cations within the 

pore. That means c+ = 0 and thus J+ = 0. The nanopore is filled with anions, thus c- is 

finite and J- is finite (the sign of Ji indicates the direction). Therefore, the flux of anions 

through the ideal anion selective nanopore will depend on the applied electric field, anion 

concentration, and the diffusion coefficient of the anion. 

A quick note about the electrodes in our system and their role in applying electric 

potential to drive ion transport. Our picoammeter measures current generated from the 

movement of electrons, but our experiments involve transport of ions. Thus, we need a 

way to convert ion movement to electron movement. This is accomplished by utilizing 

Ag/AgCl electrodes to apply a voltage (electric potential) across our membrane. The 
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Ag/AgCl electrodes consist of an Ag wire with a layer of semi-soluble AgCl on it. The 

associated reduction and oxidation reactions are: 

𝐴𝑔(𝑠)  𝐶𝑙−(𝑎𝑞) ⇋ 𝐴𝑔𝐶𝑙(𝑠)  𝑒− Rxn (3.1)  

where the forward reaction shows the oxidation of Ag(0) to Ag(+1) and the reverse 

reaction shows the reduction of Ag(+1) to Ag(0). The e- in Rxn. 3.1 represents an electron, 

which will travel through the silver wire through the picoammeter towards the other 

electrode, generating current. During our ion transport experiments, both the forward and 

reverse reactions from Rxn. 3.1 are occurring, but at opposite electrodes. For example, 

in Figure 3.2 as an anion from the top reservoir enters the pore, it leaves behind an 

uncompensated positive charge in the top reservoir. To maintain electroneutrality, the 

reverse of Rxn. 3.1 occurs at the negative (top) electrode: an electron is consumed to 

release a Cl- ion into the top reservoir. In the bottom reservoir, the forward reaction occurs; 

when an anion leaves the pore it brings an uncompensated negative charge. To maintain 

electroneutrality, Rxn. 3.1 proceeds in the forward direction, consuming a negatively 

charged Cl- ion and sending an electron towards the other electrode. The same redox 

reactions occur in large nanopores as well. In this way, we couple the movement of an 

anion with the movement of an electron. 

 You may also notice that 1 M KCl is used as the standard electrolyte in our sizing 

and modification tracking experiments. This is done for a few reasons. First off, K+ and 

Cl- are biologically relevant ions, being two of the most common ions in the human body. 

This allows our studies to closer mimic the biological nanochannels within our cells. In 

addition, K+ and Cl- have similar diffusion coefficients (1.957 and 2.032 × 10-5 cm2 s-1, 

respectively).70 This means that flux differences between the ions will depend on other 
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factors (e.g., local concentration differences due to charged surfaces). We also pick 1 M 

as the concentration since at this concentration, λd is only 0.3 nm in length, meaning that, 

except for our smallest of pores, the EDL can fully form and the pore is mostly filled with 

bulk solution. This allows us to use bulk conductivity for sizing the nanopores, using Eqs.  

2.2, 2.3, and 2.4. 

In nanopore systems with large diameters, we must consider electroosmosis. The 

transport described by Eq. 3.10 applies to the movement of charged species in a solvent. 

Above, we assumed the solvent is immobile (Eq. 3.11) in our small nanopores. However, 

in larger nanopores this is not always the case. For example, in Figure 3.3 the pore 

diameter is sufficiently larger than the EDL, meaning the effects of the EDL are sufficiently 

screened and the center of the pore is filled with bulk electrolyte solution. When an electric 

field is applied, the charged species in the system move according to Eq. 3.10. However, 

since the surface is positively charged, the excess negative ions in the EDL will drag the 

solvent molecules with them towards the positive electrode. The solvent movement is 

called electroosmosis (or electroosmotic flow, EOF, green arrows in Figure 3.3). The 

solvent molecules flow through our large pores following the plug flow model, which 

means the fluid velocity is constant across the nanopore cross-section and zero at the 

surface. We only consider EOF in larger pores, as the EDL can be fully formed and plug 

flow will occur. Overlapping EDLs in small nanopores means EOF does not significantly 

contribute to ion flux because the fluid velocities are very low.69,71 

When ions in the EDL drag solvent molecules with EOF, they also bring the bulk 

solution from that reservoir with them. For example, consider the situation in Figure 3.3, 

but the top reservoir has a larger bulk electrolyte concentration (C1) than the bottom 
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reservoir (C2). The electric field polarity shown in Figure 3.3 creates an EOF that will draw 

the C1 bulk electrolyte from the top reservoir into the nanopore. When the opposite 

electric field polarity is applied, the EOF’s direction will flip, and the C2 bulk electrolyte 

will fill the nanopore. Since C1 > C2, when C1 is the bulk electrolyte filling the nanopore 

there will be larger ion fluxes (J- and J+), and smaller ion fluxes when C2 is filling the 

nanopore. The different ion fluxes create different magnitudes of current, and ion current 

rectification occurs, where different electric field polarities create different current 

magnitudes. 

 

Figure 3.3. Electroosmosis in large nanopores. A large, positively charged nanopore 
separates a top and bottom reservoir having bulk electrolyte concentrations C1 and C2, 
respectively. When placed in an electric field, EOF will drag C1 or C2 into the nanopore 
depending on the direction of the field and the sign of the nanopore surface charge. The 
shown electric field will drag C1 into the nanopore. 
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Ion Current Rectification Showcase: Nanofluidic Diode 

Ion current rectification (ICR) is a crucial aspect in nanopore research. As 

previously mentioned, presence of ICR indicates electrochemical asymmetry in the 

nanopore system. Described in Figure 3.3, that asymmetry is due to a concentration 

gradient (C1 > C2) and charges on the pore walls. Another classic example of ICR is in a 

nanofluidic diode. A diode is an electrical component that allows current to flow in one 

direction but restricts flow in the opposite direction. Common diodes are made with 

semiconductor materials, such as silicon, doped such that a junction between positive (p-

type, electron-deficient) and negative (n-type, electron-rich) regions exist (called a pn 

junction). These devices are called bipolar diodes since they are made of two opposite 

polarity regions. In nanofluidic diodes, we mimic the bipolar diode but utilize ions and 

surface charge modifications. 

In a bipolar nanofluidic diode, a nanopore is modified such that half the pore is 

positively charged, and half negatively charged. This can be accomplished using a 

modification technique previously described, such as silane coupling. As previously 

described, the charged surfaces attract oppositely charged ions. Thus, the nanofluidic 

diode has two adjacent regions with excess anions (positively charged surface) and 

cations (negatively charged surface). The asymmetric ion distribution creates a system 

that will rectify ion current when an electric field is applied.69,72,73 Shown in Figure 3.4, the 

device has a forward-bias (“on” state) and a reverse-bias (“off” state). The forward-bias 

occurs when the electric field causes the flux of both anions and cations to flow into the 

pore, whereas the reverse-bias occurs when the flux of anions and cations flows out of 

the pore. The diagrams in Figures 3.4A and 3.4B also show ionic concentration and 
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electric potential distribution within the nanofluidic diode. The ion concentration in the “on” 

state is enhanced within the pore (blue, anion, and red, cation, lines in Figure 3.4A). The 

electric potential distribution in the “on” state increases across the entire pore, meaning 

the second term in the NP equation (Eq. 3.10) is finite at all points. In the “off” state an 

ion depletion zone forms within the diode, creating a zone with negligible ion 

concentrations (depletion zone in the middle of Figure 3.4B). The electric potential in the 

“off” state has a sharp drop over the depletion zone and is relatively constant throughout 

the rest of the pore. This indicates that the second term in Eq. 3.10 will essentially be zero 

in the “off” state. The ion concentration and electric potential distribution in the forward 

and reverse biased devices result in asymmetric current flow, and thus the ICR seen in 

Figure 3.4C. The forward-biased device will have finite ion flux through the system, 

whereas the reverse-biased device will have negligible ion flux. The nanofluidic diode is 

an example of a nanodevice that can rectify ion current while being in symmetric 

electrolyte solutions. 
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Figure 3.4. Nanofluidic diode and ion-current rectification. A nanopore is asymmetrically 
modified such that half the pore is positively charged, and half is negatively charged. 
Upon application of an external electric potential, an “on” (A) or “off” (B) state is formed 
based on direction of the potential. (A) The forward-biased device increases ion 
concentrations within the nanopore and has increasing electric potential through the 
entire pore length. (B) The reverse-biased device forms a depletion zone, with decreased 
ion concentration at the junction between the positive and negatively charged surface 
regions. The electric potential sharply drops through the depletion zone and remains 
otherwise constant throughout the rest of the pore length. (C) The asymmetric current-
voltage response in a nanofluidic diode. The device can fluctuate between the “on” and 
“off” states by inverting the electric field direction. Figure republished with permission of 
The Royal Society of Chemistry, from Daiguji, H. Ion Transport in Nanofluidic Channels. 
Chem. Soc. Rev. 2010, 39 (3), 901–911.73 Copyright 2010 The Royal Society of 
Chemistry; permission conveyed through Copyright Clearance Center, Inc.  
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The above descriptions of charged surfaces in electrolytes and ion transport work 

well for traditional solid-liquid interfaces. However, assumptions made in these theories, 

such as treating ions as point charges and the solvent as structureless, tend to fall apart 

for non-traditional solid-liquid interfaces. The breakdown of these traditional descriptions 

and theories results in unique ion transport properties in nanopores containing these non-

traditional solid-liquid interfaces, such as surface charge inversion and controllable ion 

transport gating. My PhD research has focused on exploring these non-traditional solid-

liquid interfaces through our nanopore model system. The results from this research help 

build a better understanding of fundamental surface properties of these unique interfaces 

as well as guide next-generation chemical separation technologies, ion-selective 

membranes, and energy storage devices. 

The following chapters describe my research projects studying non-traditional 

solid-liquid interfaces under nanoconfinement. I first detail my work looking at how organic 

solvents organize near a glass interface and what interesting ion transport properties 

arise. I then describe my two projects looking at hydrophobic interfaces in water. The two 

projects explore controllable ion transport through hydrophobic nanopores and seek to 

understand important physical properties of ions at the solid-liquid-gas interface. As you 

will see, all my projects have been interdisciplinary, with collaborations for molecular 

dynamics simulations and spectroscopy. I truly believe working alongside these amazing 

researchers has not only helped answer more in-depth, complex research questions, but 

also helped me grow as a researcher myself. 
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Chapter 4: The Electrical Double Layer Revisited 
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My first project focuses on what happens to the electrical double-layer (EDL) when we 

move from an aqueous system to a non-aqueous (organic) system. The EDL model is a 

fundamental element of our understanding of interactions in ionic solutions, and is widely 

used in chemical, biological, and technological contexts, particularly in the description of 

aqueous electrolyte solutions. As previously mentioned, the traditional explanations of 

EDL treat the solvent (water) as a structureless medium, with ion and electric potential 

distributions being a result of the native surface potential. However, recent experiments 

have raised questions regarding the validity of this model in polar, aprotic solvents; some 

observations, such as a surface potential that changes sign with increasing salt 

concentration, are not consistent with the EDL picture. In this project, we demonstrate in 

a model system, acetonitrile at a silica interface, that solvent organization dictates the 

ionic distributions. Ion-transport measurements in nanopores, surface-selective 

spectroscopy, and molecular dynamics simulations reveal that the distribution of ions in 

acetonitrile at a silica interface is determined by the lipid-bilayer-like organization that the 

interface imposes upon the liquid, which accounts for the change in sign of the potential. 

Our findings emphasize the importance of including solvent molecules and ions explicitly 

in descriptions of solid/liquid interfaces. 

Introduction 

The surface electrostatic potential plays an important role in processes at 

solid/liquid (SL) interfaces.67,74 In water, this potential is often dominated by surface 

charges. For instance, silica surfaces can deprotonate in aqueous solutions, creating a 

negative surface potential.74 As described in the previous chapter, local distributions of 

ions are frequently described by the Poisson-Boltzmann equation,75 which treats ions as 
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point charges and the solvent as a homogeneous dielectric medium. The resulting model 

of the so-called EDL consists of a charged surface in contact with a liquid region with an 

enhanced concentration of counterions.74 This model is widely applied in describing 

transport phenomena in nanofludics,67,76–79 separations based on charged 

membranes,80–82 electrokinetic effects,67 energy storage devices such as 

supercapacitors,83,84 sensors,85,86 and biological phenomena such as protein 

aggregation87,88 and lipid bilayer permeability.89,90  

The continuum solvent description in the EDL model has been highly successful 

in modeling aqueous interfaces. Although ion-dependent effects are often observed, for 

monovalent salts they typically lead to minor deviations in ionic distributions and ionic 

transport. One key feature contributing to the success of the EDL model for water is that 

this liquid does not generally exhibit long-range ordering at interfaces, although short-

range organization (on the order of two molecular diameters) is often observed.91,92  

Experiments further suggest that electrolytes can disrupt this interfacial organization.93–95 

The question of whether a continuum description is appropriate for solvents that 

undergo strong ordering at interfaces has received only limited attention.96,97 As an 

example of such a system, liquid acetonitrile exhibits a well-ordered, and effectively 

immobile, lipid-bilayer-like organization at silica interfaces.98 The bilayer consists of a first 

sublayer of molecules in which the cyano groups accept hydrogen bonds from surface 

silanols, and a second, interdigitated layer of molecules that predominantly point in the 

opposite direction.99–101 Simulations have revealed that this organizational motif repeats, 

with decreasing fidelity, for more than 2 nm from a flat silica surface.99 In addition, the 

3.92 D dipole moment of acetonitrile102 is among the highest for any solvent, and so the 
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cyano groups might be expected to play a key role in determining the EDL structure. The 

organization of acetonitrile at a silica interface is remarkably persistent in the presence of 

large mole fractions of water.103–105 If the organization also persists in the presence of 

ions, then the classical EDL picture would not be expected to provide an adequate 

description of this system. Indeed, ion transport through nanopores containing lithium 

perchlorate solutions in acetonitrile revealed the presence of a positive effective surface 

potential in silica and polymer pores, even though both systems had a negative surface 

potential in aqueous solutions.106,107 We use the term “effective” to denote that the 

potential is a property of the SL system collectively, and can be non-zero even in the 

absence of any charged surface groups. 

Here, a combination of electrochemical and spectroscopic experiments with 

molecular dynamics simulations reveals that the local solvent organization imposed by 

an interface can lead to a substantial effective surface potential even in the absence of 

surface charge. Our work provides a molecular-level understanding of electrolyte 

solutions in acetonitrile at a silica interface, highlighting the major role that the 

organization of the solvent plays in determining both the distribution of the ions and the 

effective surface potential. We find that this ordering is remarkably insensitive to the 

presence of an electrolyte, even at concentrations of 1 M and above, and creates specific, 

preferential locations for anions and cations over the entire range of distances at which 

the surface imposes organization on the liquid. As a consequence of this organization, 

the polarity and magnitude of the effective surface potential depend on the electrolyte 

concentration and the identities of the anion and cation. The layered solvent structure 
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modifies ionic distributions over length scales and concentrations that are substantially 

larger than predicted by the classical EDL picture. 

Methods 

Ion-current measurements 

The salts, lithium perchlorate (99.99%, Sigma-Aldrich), lithium tetrafluoroborate 

(98%, Acros Organics), lithium hexafluorophosphate (98.0%, Alfa Aesar), and sodium 

perchlorate (98.0 – 102.0%, Alfa Aesar), were used as received. Acetonitrile (99.9%, 

Fisher Scientific) was degassed by sparging with argon, and then was dried by passage 

through two columns of activated alumina. The solvent and solutions were stored in a 

nitrogen glove box over 3 Å sieves. 

Each experiment was performed in a glass pipette with a filament (World Precision 

Instruments, Inc.). The pipettes had an internal opening diameter of 400 ± 80 nm and 

were filled using MicroFil syringe needles (34 gauge/67 mm, WPI). The pipettes were 

used as received, and each pipette was used with only one type of solution. Electrical 

contact with an electrode was established via the luer lock fitting of the pipette. 

Current/voltage curves were recorded in a nitrogen glove box using a Keithley 

6487 picoammeter/voltage source (Keithley Instruments, Cleveland, OH) and home-

made Ag/AgCl electrodes. The ground electrode was placed in the pipette and the 

working electrode was placed in the bulk reservoir. The voltage was swept between -2 V 

and +2 V in 0.1 V or 0.2 V increments. At least three scans were performed for every pair 

of solutions. 
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Vibrational sum-frequency-generation experiments 

Vibrational sum-frequency-generation (VSFG) spectra were collected with a 

counter-propagating VSFG spectrometer that has been described in detail elsewhere.99 

All spectra were collected according to the methods described in Section 3.4. For this 

study, the IR pulse had an energy of 15 μJ and a bandwidth of 250 cm-1. The probe pulses 

had an energy of 15 μJ and a bandwidth of 5 cm-1. The probe pulses were delayed relative 

to the IR pulse by 667 fs to maximize the probe pulse’s overlap with the molecular 

response of the methyl symmetric stretch transition.   

Sample cuvettes were rinsed sequentially with acetone, methanol, and then water. 

The cuvettes were then oven dried, cleaned for 3 min in an oxygen plasma, and then 

oven dried overnight. The cuvettes were placed in the glove box while still hot. After the 

cuvettes had cooled, each was filled with dry acetonitrile as a reference. All sample vials 

and cuvettes were removed from the glove box prior to collecting spectra. Spectra of dry 

acetonitrile were collected within 1 h of removing the samples from the glove box, during 

which time the cuvettes remained tightly capped. The spectra from subsequent cuvettes 

of dry acetonitrile remained the same, indicating that a negligible amount of ambient water 

had entered the cuvettes and reached the silica surface. After reference spectra were 

collected, the neat acetonitrile and the series of electrolyte solutions that were removed 

from the glove box were added to each of the reference cuvettes, replacing the dry 

acetonitrile, after flushing twice with the new sample.  

The spectra were obtained using the SSP polarization configuration. Normalization 

and calibration spectra were obtained according to a method described previously.108 

Acquisition times for low concentrations of electrolyte solutions were 1 min. For higher 
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concentrations, acquisition times were 2 to 4 min, depending on the signal strength. 

Spectra for each sample were recorded at least three times. 

Simulations 

Molecular dynamics (MD) simulations were performed using GROMACS109 with a 

time step of 1 fs. For simulations of LiClO4 in bulk acetonitrile, random configurations were 

initially equilibrated in the NVT ensemble by a simulated annealing procedure with the 

following sequential steps: melting at T = 533 K for 1 ns, annealing from 533 K to 298 K 

for 1 ns, and equilibrating at 298 K for 1 ns. The final configuration was equilibrated for 2 

ns followed by a production run of 10 ns in the NPT ensemble at a pressure of 1 atm and 

temperature of 298 K. The temperature and pressure were kept constant using the Nosé-

Hoover thermostat110 and the Parrinello-Rahman barostat,111 with time constants of 0.2 

ps and 1 ps, respectively. Periodic boundary conditions were applied in all directions. For 

the short-ranged interactions, the cutoff radius was set to 1.2 nm. Both energy and 

pressure tail corrections112 were applied to the standard 12-6 LJ potential for the bulk MD 

simulations. The long-range electrostatic interactions were calculated using the particle-

mesh Ewald summation113 with a cutoff radius of 1.2 nm and a fast Fourier transform 

(FFT) grid spacing of 0.12 nm. The forcefield parameters for all salts were adopted from 

the OPLS-AA forcefield.114,115 The interaction parameters for acetonitrile molecules were 

obtained from Nikitin and Lyubartsev.116 The bulk densities for different systems were 

calculated using the final 6 ns of the trajectories of the NPT production simulation. The 

mean bulk densities were 11.161 nm-3 for acetonitrile and 0.612 nm-3 for Li+ and ClO4
-. 

Figure A.9 shows a schematic view of the simulation setup for the electrolyte 

system at a hydroxylated silica surface. The hydroxylated silica surface was created 



67 
 

following a procedure similar to that of Lee and Rossky.117 The electrolyte was 

sandwiched between the silica substrate and a graphene sheet separated by a surface-

to-surface distance of 15.24 nm in the z direction. During the simulation, only the positions 

of the liquid, the electrolyte, and the hydrogen atoms of the surface silanol groups were 

allowed to change. The system was periodic in all directions, with an extra empty space 

(vacuum) of length 45 nm added in the z direction. The long-range electrostatic 

interactions were modeled employing the Ewald algorithm adapted for a slab geometry118 

(Ewald3dc), which excludes long-ranged electrostatic contributions from the periodic 

image cells in the z direction. The carbon atoms in the graphene sheet were modeled as 

hard spheres, i.e., with zero attraction. The numbers of molecules and ions were tuned 

to make sure that the density of each species was within 2% of the corresponding bulk 

density. Atomic configurations were stored every 0.1 ps of the simulation for analysis. The 

equilibrium properties were averaged over a set of four, 40-ns simulations, each with 

different initial velocities and positions, of which the first 5 ns were discarded. 

Results and discussions 

The sign of the effective surface potential of silica depends on the concentration 

of LiClO4 in acetonitrile 

Surface charge is often characterized using zeta-potential measurements.67 

However, water has a strong influence on the zeta potential of silica, and acetonitrile is 

hygroscopic. We therefore used ion-current measurements, which can be performed in a 

glove box, to probe the effective surface potential of the silica/acetonitrile interface. A 

glass pipette tip with a 400 nm inner diameter was immersed in a solution of LiClO4 in 

acetonitrile (Figures 4.1A,B). The Debye length in this situation67 is significantly smaller 

than 400 nm. Consequently, the ion concentration in the pipette tip is determined largely 
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by the bulk concentration, rather than by local concentration modification due to the 

surface potential.119 The solutions inside and outside of the pipette had electrolyte 

concentrations [Cin] < [Cout], respectively. If the pipette is charged, then ions with the 

opposite sign of the surface charge (counterions) will dictate the direction of 

electroosmotic flow (EOF) that occurs when voltage is applied across the pipette. This 

means that, for one voltage polarity, the counterions will electroosmotically drag the less 

conductive [Cin] into the pipette tip, and [Cout] for the opposite voltage polarity. For 

example, if the pipette is negatively charged, the movement of cations will dictate EOF. 

Therefore, the tip is filled with [Cout] at voltages that are positive with respect to the ground 

in the pipette (V) and with [Cin], at voltages that are negative (-V) with respect to ground 

(Figure A.1). Consequently, asymmetric current/voltage (I-V) curves will be observed, 

with |I(-V)| < |I(V)| (Figure 4.1C). If the surface charge of the pipette is positive, the pipette 

tip will be filled with the more conductive [Cout] at negative voltages and the less 

conductive [Cin] at positive voltages, implying that |I(-V)| >|I(V)|. If the effective surface 

potential is zero, no electroosmotic flow will occur, and the I-V curve will be linear. 

Representative data are shown in Figures 4.1D,E. 

For characterizing the asymmetry in the I-V curves, we introduce a quantity that 

we call the ion-current anisotropy: 

𝐴(𝑉) =
𝐼( 𝑉)  𝐼(𝑉)

𝐼( 𝑉)  𝐼(𝑉)
(4.1) 

where I(±V) is the current at the indicated voltage. By construction, A(V) is a linear 

measure of rectification. In our electrode configuration, A(V) is zero in the absence of 

rectification, positive when the effective surface potential is positive, and negative when 
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the effective surface potential is negative (Figure 4.1C). To determine the I-V anisotropy 

as accurately as possible, we report A(V) based on measurements at the voltages of the 

largest magnitudes used, ±2 V (Figure 4.1F). For comparison, A(V) in a range of voltages 

between 1 and 2 V is shown in Figure A.2 for the same set of concentrations. These data 

are consistent with those in Figure 1F. 

Representative I-V data for four gradients of LiClO4 concentration are shown in 

Figure 4.1D,E. For the gradient with the lowest concentrations, 0.1 mM/ 1 mM, A(2V) is 

negative (Figure 4.1F). The effective surface potential is therefore negative, as in 

measurements performed on aqueous solutions at silica surfaces120 (Figure A.3). 

Presumably the same holds true for the neat liquid, even though acetonitrile is not a strong 

enough base to dissociate silanol groups in the absence of water.121 For concentrations 

of 10 mM or larger, A(2V) becomes positive, indicating a positive effective surface 

potential. Conventional EDL theory cannot account for a change in the sign of the effective 

surface potential with increasing electrolyte concentration. 
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Figure 4.1: Probing the effective surface potential with ion current. (A) Experimental setup 
for and (B) schematic of I-V measurement with a glass pipette tip with a 400 nm inner 
diameter. The tip is immersed in LiClO4 at concentration [Cout] in acetonitrile. The solution 
inside the pipette has concentration [Cin]. The ion current is measured for various values 
of [Cout] > [Cin]. The working electrode, which is connected to the red wire, is in the liquid 
outside of the tip. (C) Relationship between the ion-current anisotropy, A(V), and the 
effective surface potential of the pipette. The signs of A(V) and the effective surface 
potential are the same. A(V) = 0 in the absence of an effective surface potential. I-V curves 
recorded at (D) low concentrations, for which A(V) is negative, and (E) higher 
concentrations, for which A(V) is positive. (F) The concentration dependence of A(2V). 
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Spectroscopic and simulation data provide insights into the microscopic nature of 

the effective surface potential  

To probe the microscopic mechanism of effective surface potential polarity 

reversal, we studied the molecular organization of LiClO4 solutions in acetonitrile on a flat 

silica substrate using vibrational sum-frequency-generation (VSFG) spectroscopy. In 

VSFG,122–124 an infrared pulse that is resonant with a vibrational transition is used to 

create a vibrational coherence. This coherence is probed using a Raman transition, 

generating a signal at the sum of the infrared and probe frequencies. Within the electric 

dipole approximation, no VSFG signal is generated in an isotropic bulk medium.125 VSFG 

is therefore exquisitely sensitive to molecules at interfaces between two isotropic or 

centrosymmetric media. 

The pipette glass is not identical to the silica in the VSFG substrate, but the 

acetonitrile organization is a robust feature of a broad range of experimental and 

simulated, flat and curved silica interfaces.98 Although the surface bilayer is roughly 

centrosymmetric, the hydrogen bonding of the cyano groups in the first sublayer shifts the 

methyl stretching frequency enough to be distinct from that of the molecules in the second 

sublayer.99 Thus, the VSFG spectrum of the symmetric methyl stretch is a sensitive probe 

of the organization of acetonitrile molecules at a silica surface. 

Representative VSFG spectra are shown with relative intensities in Figure 4.2A 

and height normalized in Figure 4.2B for neat acetonitrile and solutions of LiClO4 with 

concentrations from 10-9 M to 1 M. Although the intensity decreases at high electrolyte 

concentrations, the readily measurable signal at the highest concentration indicates that 

the solvent organization is robust in the presence of this salt. 
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Three parameters characterize the concentration dependence of the VSFG 

spectra: the relative intensity (Figure 4.2C), the spectral shift relative to the neat liquid 

(Figure 4.2D), and the full width at half maximum (FWHM) of the peak (Figure 4.2E). The 

spectral intensity is slightly larger than that of the neat liquid at low concentrations, before 

decreasing at concentrations greater than ~3  10-6 M. At a concentration of 1 M, the 

intensity is a few percent of that of the neat liquid. The spectral shift is zero until the 

electrolyte concentration becomes greater than ~3  10-4 M, after which the shift 

increases monotonically. The FWHM in the solutions is greater than that in the neat liquid. 

The additional broadening is less than 1 cm-1 at low concentrations, increases at 

concentrations greater than ~10-4 M, reaches a peak at ~3  10-1 M, and then decreases. 

We can construct a model of this system based on the ion-current and VSFG data. 

In neat acetonitrile, the surface bilayer is stable,126 and is not expected to be mobile due 

to the strength of the hydrogen bonds to the first sublayer127 and the interdigitation of the 

second sublayer.99–101 The exterior of the second sublayer consists primarily of cyano 

groups. Therefore, the effective surface potential of the neat liquid is negative (top panel 

of Figure 4.2F). 

At concentrations of ~3  10-6 M and less (region I in Figure 4.2C-F), our data 

suggest that lithium ions partition to the exterior of the surface bilayer, causing partial 

neutralization of the negative effective surface potential. Adsorption of Li+ could create a 

higher degree of alignment of molecules with methyl groups pointing towards the 

interface, but this phenomenon would decrease the VSFG signal. Such adsorption could 

also reduce the population of molecules in the second sublayer that point in the same 

direction as those in the first sublayer. Lineshape simulations (Figure A.4) demonstrate 
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that such ordering can reproduce the observed spectral changes. Adsorption of Li+ on the 

second sublayer may also lead to a further increase in inhomogeneous broadening. 

Lithium ions would not be expected to cause other substantial organizational changes in 

the surface bilayer until these ions reach a concentration at which they can penetrate the 

bilayer. Indeed, as shown below, molecular dynamics simulations suggest that the 

influence of ions on the surface bilayer is minimal even at concentrations on the order of 

1 M. 

As the LiClO4 concentration increases, through ~3  10-4 M (region II), the VSFG 

intensity decreases, whereas the FWHM and peak position remain the same within 

experimental uncertainty. The effective surface potential changes sign in this 

concentration range (Figure 4.1F); a pipette exhibited a negative A(2V) in contact with a 

0.1 mM/1 mM salt gradient and a positive A(2V) in contact with a 1 mM/10 mM LiClO4 

gradient. Thus, adsorption of Li+ neutralizes the negative potential of the surface bilayer 

of acetonitrile in region II. Based on the 3.92 D dipole moment and the 1.157 Å C≡N bond 

length128 of acetonitrile, the nitrogen atom has ~0.7 of an electron charge. Thus, an upper 

limit for the Li+ adsorption that would lead to neutralization is ~2 cations for every 3 

acetonitrile molecules. Under these circumstances, virtually every cyano group in the 

second sublayer is associated with a cation. In this scenario, the difference in transition 

frequencies between the methyl groups in the two sublayers will decline, decreasing the 

VSFG signal intensity. Any narrowing as a consequence of this spectral shift may be 

compensated by an increase in inhomogeneous broadening. 

In region III, which extends up to ~3  10-2 M, the VSFG intensity decreases 

precipitously. The spectrum blue shifts, and the FWHM increases substantially. The 
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effective surface potential becomes positive in this region, as evidenced by positive 

values of A(2V) (Figure 4.1F). The broadening and spectral shift are suggestive of the 

presence of ions in the surface bilayer. Perchlorate, which is relatively hydrophobic and 

has a low charge density, is expected to be the predominant species in this region. The 

direction of the shift is consistent with that expected from the Stark effect129 for anions in 

the middle of the bilayer. Because the transition frequencies of the methyl groups in both 

sublayers are influenced by the increasing anion concentration within the bilayer, the 

difference in shifts between the two sublayers will decrease, reducing the VSFG intensity. 

The presence of anions in the hydrophobic region of the surface bilayer is further 

suggestive of partitioning of lithium ions to the surface. Given anions within the bilayer, 

the adsorption of Li+ to the exterior of the bilayer can increase further, leading to a positive 

effective surface potential. 

In region IV, concentrations greater than ~3  10-2 M, the intensity decreases 

further, the spectral shift increases substantially, and the FWHM reaches a maximum 

before decreasing again. The FWHM maximum in this concentration regime arises from 

the presence of two contributions (Figure 4.2B), one that is in the same position as at 

lower concentration and another that is blue-shifted. Both peaks contribute significantly 

to the spectrum at concentrations of 10-2 M to 10-1 M, but the blue-shifted peak 

predominates at higher concentrations. A(2V) remains positive in this concentration range 

(Figure 4.1F), but is smaller than its maximum value. These observations suggest that 

perchlorate anions continue to partition into the hydrophobic region of the bilayer in this 

concentration range, leading to the blue-shifted spectral feature. The blue shift saturates 

when the concentration of anions in the bilayer reaches its maximum, so the FWHM at 
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high concentration is that of methyl groups adjacent to anions. The presence of anions 

makes the methyl transition frequencies in the two sublayers more similar, decreasing the 

intensity further. There continues to be an excess of lithium ions on the outer portion of 

the bilayer, maintaining a partial positive effective surface potential. 
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Figure 4.2: VSFG spectra and molecular dynamics simulations of LiClO4 in acetonitrile at 
a silica surface. Representative spectra as a function of electrolyte concentration with (A) 
relative and (B) normalized intensities. Concentration dependence of (C) the relative 
intensity, (D) the spectral shift relative to the neat liquid, and (E) the FWHM. Dashed lines 
indicate values for the neat liquid and gray bands indicate uncertainties. (F) Schematic 
representations of the organization of the acetonitrile bilayer in the neat liquid and in the 
LiClO4 solution in the concentration regions in (C)-(E). In depicting the silica surface, only 
O (red) and H (white) atoms in the silanol groups are shown. The molecules closest to 
the silica surface constitute the first sublayer. The molecules farther from the surface, 
which predominantly point in the opposite direction, constitute the second sublayer. This 
2D depiction does not illustrate the interdigitation of these sublayers. (G) The density of 
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the methyl transition dipoles of acetonitrile in the neat liquid (black) and a 1 M solution of 
LiClO4 (red) as a function of distance from the interface. The density profiles of Li+ (green) 
and ClO4

- (blue) are also shown, and have been multiplied by 10 for ease of comparison. 
(H) Average molecular orientation as a function of distance of the methyl transition dipole 
from the interface for neat acetonitrile (black) and acetonitrile in the solution (red). A θ 
value of 0 indicates that the cyano group points towards the silica. (I) Electrical potential 
as a function of distance from the interface for neat acetonitrile and in the solution. The 
gray regions in (G)-(I) indicate the approximate extent of the surface bilayer. 

 

Molecular dynamics simulations show that 1 M LiClO4 has remarkably little 

influence on the organization of acetonitrile at a silica surface. 

In the above model, solvent ordering is the driving force in determining the 

distribution of interfacial ions, rather than the surface charges described by the EDL 

theory. To investigate this behavior further, we performed MD simulations of 1 M LiClO4 

in acetonitrile at a silica surface, using a well-studied model of this interface.116,117,130 

Figure 4.2G shows the methyl transition dipole density distribution for neat acetonitrile 

(black) and a 1 M solution of LiClO4 (red). The methyl transition dipole was chosen for 

comparison with VSFG results (the center-of-mass density distribution is shown in Figure 

A.5). Oscillations with a period of ~4.8 Å are indicative of the repeating lipid-bilayer-like 

organization of the liquid. The differences in the density profiles between the neat liquid 

and the solution are remarkably small, and can be attributed largely to the slightly lower 

concentration of acetonitrile in the solution. Due to interdigitation, the density peak closest 

to the surface arises from methyl groups of molecules in the second sublayer, and the 

second peak arises from methyl groups of molecules in the first sublayer.  

The density profiles of the cations (green) and anions (blue) are also shown in 

Figure 4.2G. The first cation density peak is closer to the surface than the density peak 

of the methyl groups of the second sublayer, whereas the first anion density peak is 

slightly farther from the surface than this methyl density peak. In agreement with the 
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experiments and model presented above, the perchlorate density peak closest to the 

surface is in the hydrophobic region of the bilayer. The center of the anion peak is not in 

the middle of the hydrophobic region, because perchlorate can accept hydrogen bonds 

from surface silanol groups. 

The ion density distributions reveal the source of the positive effective surface 

potential observed at moderate to high concentrations of LiClO4. Given the interdigitation 

of the surface bilayer, transport parallel to the interface does not occur in this region, 

although the second sublayer has some mobility perpendicular to the interface.101,126 

Some Li+ ions, and a larger number of ClO4
- ions, partition into the bilayer. In response to 

this charge imbalance, there is a Li+ density peak near the exterior of the first bilayer, at 

~4.8 Å. Given their association with the immobile second sublayer, we believe that these 

cations do not contribute to transport parallel to the surface, and therefore create an 

effective positive surface charge for the immobile layer.  

Figure 4.2H shows the orientational distribution of acetonitrile molecules based on 

the position of the methyl transition dipoles in the neat liquid (black) and the 1 M LiClO4 

solution (red). The presence of the electrolyte has remarkably little influence on the 

solvent orientation; see Figure A.6 for the corresponding plot for the center-of-mass of 

acetonitrile. The charge-density profile (Figure 4.2I), the electric field (Figure A.7), and 

the potential (Figure A.8) are similarly unaffected by the electrolyte.  

A constant electric field can introduce a third-order, bulk component in VSFG 

spectra that does not depend upon broken inversion symmetry.131 The Debye screening 

of such a field can influence the magnitude and phase of this contribution.132–134 However, 

our simulations demonstrate that the local electric field in this system does not depend 
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significantly on electrolyte concentration, which is why we are able to interpret the VSFG 

data without explicitly considering any concentration dependence of this contribution. 

The Debye length in a 1 M electrolyte solution is short enough that the field is not 

expected to project away from the interface. Performing simulations at substantially lower 

concentrations is challenging. However, the fact that the organization and charge density 

of acetonitrile are so similar between the neat liquid and the 1 M LiClO4 solution strongly 

suggests that the same features persist throughout the entire concentration range 

explored here experimentally. The lack of abrupt changes in the VSFG spectra with 

increasing electrolyte concentration further supports this picture. 

The concentration-dependent effective surface potential behavior depends on the 

electrolyte identity 

To explore the generality of this phenomenon, we performed ion-current 

measurements on salts with a common cation or anion. Electrolytes that are soluble in 

acetonitrile typically have a large, polyatomic anion, so we investigated solutions of LiBF4 

and LiPF6. Figure 4.3A shows A(2V) for different concentrations of LiBF4; the effective 

surface potential is negative at low concentrations and is zero at higher concentrations. 

Although BF4
- is not much smaller than ClO4

-, acetonitrile solutions of LiClO4 and LiBF4 

behave differently at a silica surface. The likely source of this disparity is ion pairing, which 

commences at considerably lower concentrations of LiBF4 than LiClO4 in this solvent.135 

Figure 4.3B shows A(2V) data for LiPF6 at different concentrations. At low 

concentrations, the effective surface potential is negative, becoming positive at a 

concentration between 10 mM and 100 mM. The behavior of LiPF6 solutions is similar to 

that of LiClO4 solutions, but the transition to a positive effective surface potential occurs 
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at a concentration that is an order of magnitude higher for LiPF6 than for LiClO4. Given 

the relative sizes of the anions, the energetic cost for PF6
- to partition into the bilayer is 

considerably greater. 

To explore the role of the cation, we performed ion-current measurements with 

NaClO4. A(2V) for NaClO4 in acetonitrile is negative at low concentrations, and becomes 

positive at a considerably higher concentration than for LiClO4 (Figure 4.3C). The 

behavior of the NaClO4 solutions is more similar to that LiPF6 solutions than LiClO4 

solutions, suggesting that there is a greater energetic penalty for the larger Na+ ions to 

partition to the silica surface than there is for Li+ ions. 
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Figure 4.3: Dependence of the effective surface potential on the electrolyte. A(2V) at 
different concentrations of (A) LiBF4, (B) LiPF6, and (C) NaClO4 in acetonitrile. 
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Conclusions 

Our results stand in stark contrast to the classic EDL model, which treats the 

solvent as a homogeneous continuum and the ions as point charges. These 

approximations work well for aqueous solutions at silica surfaces, which are generally 

negatively charged due to deprotonation of silanol groups. This negative charge 

determines the distribution of ions in the interfacial solution.  In contrast, we find that in 

the silica/liquid acetonitrile system, the interface can exhibit either a negative or a positive 

charge, depending on the concentration and identity of the salt. Because the silica surface 

remains uncharged but polar, the acetonitrile organizes itself in a manner that resembles 

a thermodynamically stable, supported lipid bilayer. At low electrolyte concentrations, the 

effective surface potential is determined by the cyano groups that point into the mobile 

portion of the liquid and is negative. At a high enough electrolyte concentration, it 

becomes thermodynamically favorable for cations to partition to the silica surface, 

allowing anions to move into the hydrophobic region of the bilayer. These anions reinforce 

the stability of the layer of cations on the exterior of the second sublayer of the solvent, 

leading to a positive effective surface potential. Thus, in this type of system, the notion of 

surface charge needs to be replaced by the effective surface potential of the silica/liquid 

interface. 

There appears to be no definable Debye length in the silica/acetonitrile system. If 

any such exponential decay exists, it acts as an envelope for the oscillatory spatial 

distribution of ions driven by the solvent organization. More conventional behavior might 

also be observed at distances for which the acetonitrile organization disappears. These 

features are not unique to acetonitrile, and are likely recapitulated in other polar, aprotic 
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solvents. For instance, a positive effective surface potential has also been observed on 

surfaces with silanol or carboxylic acid groups for electrolytes in propylene 

carbonate106,107 and acetone107. 

Our experimental and modeling results underscore the importance of solvent 

organization and ion identity in determining the ionic distribution, and hence the effective 

surface potential, in the sort of system studied here. Deviations from the EDL model due 

to effects such as the finite size of ions and solvent molecules, the interactions among all 

components of the system, and the organization of the solvent have been considered 

previously.136–139 Deviations from this model arising from layering of ions have also been 

reported, but only at high concentrations.140 Thus, the deviations that we have observed 

point towards the need for a new paradigm for understanding the organization of ions in 

electrolyte solutions in polar, aprotic solvents. Additional work will be required to address 

the role of contact ion pairs and solvent-separated ion pairs in such systems.141,142 
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Appendix A: Supplementary Materials for Chapter 4 
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Supplementary Text 

Principles of ion-current measurements 

 Here we describe in more detail how ion-current measurements can reveal the 

sign of the effective surface potential. We will consider the case in which the electrolyte 

concentration is greater in the external solution than in the pipette, i.e. [Cout] > [Cin], which 

was the case for all measurements reported here. The ground electrode was located in 

the pipette, i.e. in the less concentrated solution. If the effective surface potential is 

negative and the external electrode is positive relative to the internal electrode, then 

cations will flow into the pipette from the more concentrated solution (Figure A.1A), 

electroosmotically dragging the more concentrated solution into the pipette tip. If the 

external electrode is negative relative to the internal electrode, then cations will flow out 

of the less concentrated solution in the pipette, leading to the pipette tip being filled with 

the less concentrated solution, and consequently to a lower current. Thus, the current 

under positive bias will be greater than the current under negative bias, leading to a 

negative ion-current anisotropy. If instead the effective surface potential is positive (Figure 

A.1B), the situation will be reversed, i.e. there will be more current under negative bias, 

when anions flow into the pipette, than under positive bias, when anions flow out of the 

pipette, leading the positive ion-current anisotropy. 

Ion-current anisotropies at other voltages 

 The ion-current anisotropies reported in the main text were for voltages of ±2 V to 

minimize any uncertainties in the measurements. As shown in Figure A.2 for 

measurements made at different concentrations of LiClO4, similar results are observed at 

lower voltages (compare with Figure 4.1F). Because the ion-current curves are generally 

either positively curved or negatively curved (see Figures 4.1D,E), A(V) does depend on 
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the voltage to some extent, but the general trend in this quantity is the same regardless 

of the voltage. 

Control experiments in aqueous solution 

Given that the isoelectric point of silica is at a pH on the order of 3,143 the surface 

silanol groups of silica tend to dissociate in aqueous solutions. Thus, the surface potential 

of the glass pipettes used for ion-current measurements is expected to be negative. As a 

control experiment, we measured the IV curves for 100 mM/1 M aqueous KCl solutions. 

A representative IV curve is shown in Figure A.3. Based on these data, A(2V) is -0.29, 

which confirms that the surface potential is negative. 

VSFG lineshape simulations 

In neat acetonitrile, the second sublayer of the surface bilayer is more disordered 

than the first sublayer, with a small subset of molecules having methyl groups pointing 

into the bulk liquid.144 Partitioning of Li+ ions to the exterior of the second bilayer should 

lead to a greater degree of organization in this sublayer, including causing an even larger 

majority of the methyl groups in this sublayer to be oriented towards the interface. This 

situation might be assumed to lead to an even greater degree of cancellation between 

the contributions from the two sublayers. In contrast, in Region I, we observe a slight 

increase in the intensity of the VSFG signal (Figure 4.2C), in addition to a small red shift 

(Figure 4.2D) and a slight amount of broadening (Figure 4.2E). 

To test whether our spectroscopic observations are consistent with lithium cations 

leading to increased ordering in the second sublayer of the surface bilayer, we performed 

lineshape simulations. The spectrum 𝑆(�̄�) was assumed to be the magnitude squared of 
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two Lorentzian features, one corresponding to methyl groups in each of the sublayers of 

the surface bilayer: 

𝑆(�̄�) = |
𝐴1

(�̄�  �̄�1)  𝑖𝛤
 

𝐴2
(�̄�  �̄�2)  𝑖𝛤

|
2

(𝐴. 1) 

Here, A1 and A2 are the amplitudes of the two components, which are assumed to be 

opposite in sign because the methyl groups in the two sublayers largely point in opposite 

directions, �̄�1 and �̄�2 are the center frequencies of each component, and 𝛤 is the linewidth, 

which is assumed to be the same for each component. 

We note that the probe spectral bandwidth used in the current study is lower than 

in previous VSFG work on neat acetonitrile,99 so in our simulations we explored different 

separations between the two components (𝛥�̄� = �̄�2  �̄�1), as well as different linewidths 

𝛤. For the neat liquid, we retained the ratio of the absolute values of the amplitude of the 

peak for the second sublayer divided by that for the first sublayer measured previously, 

|𝐴2/𝐴1| = 0.89; we note that in Table 2 of a previous publication,99 the values listed are 

the inverse of this ratio. We examined three values of 𝛥�̄�: 2 cm-1, 4 cm-1, and 6 cm-1. The 

value of 𝛤 for each value of ∆�̅� was chosen such that the overall spectral line had the 

same full width at half maximum (FWHM) as the experimental spectrum for the neat liquid 

(9.46 cm-1) for |𝐴2/𝐴1| = 0.89. The value of Γ was 7.0 cm-1 for 𝛥�̄�= 2 cm-1, 6.6 cm-1 for 

𝛥�̄�= 4 cm-1, and 5.3 cm-1 for 𝛥�̄�= 6 cm-1. 

The results of these simulations are shown in Figure A.4. Figure A.4A shows the 

VSFG intensity as a function of |𝐴2/𝐴1| for these three scenarios. Above |𝐴2/𝐴1| = 0.89, 

the peak intensity decreases with increasing |𝐴2/𝐴1| for 𝛥�̄�= 2 cm-1, increases a few 

percent for 𝛥�̄�= 4 cm-1, and increases more substantially for 𝛥�̄�= 6 cm-1. As seen in Figure 

A.4B, over the same range of |𝐴2/𝐴1| the FWHM decrease for 𝛥�̄�= 2 cm-1 and 4 cm-1, but 
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increases for 𝛥�̄�= 6 cm-1. As shown in Figure A.4C, over the same range of |𝐴2/𝐴1| there 

is a red shift of the peak for all values of ∆�̅�; however, the shift in the case 𝛥�̄�= 6 cm-1 is 

the smallest. The simulated spectra for 𝛥�̄�= 6 cm-1 exhibit all the qualitative trends 

observed in the experimental data for LiClO4 concentrations in Region I. Thus, our data 

are consistent with the increase of organization of the second sublayer of the surface 

bilayer in the presence of low concentrations of Li+, as long as the contributions from the 

two sublayers are separated by an amount 𝛥�̄� that is comparable to the widths of each 

contribution. 

Additional results from molecular dynamics simulations 

In Figures A.5 through A.9 we present additional results from molecular dynamics 

simulations. Figure A.5 shows the density profile as a function of the distance of the 

molecular center of mass from the silica interface. Figure A.6 shows the average 

molecular orientation as a function of the distance of the molecular center of mass from 

the silica interface. Figures A.7 and A.8 show the average electric field and potential as 

a function of distance from the silica interface (z), respectively. Due to the homogeneity 

in the x-y plane, the electric field varies only in the z direction and is calculated via 

 (𝑧) =  
𝑑𝜙(𝑧)

𝑑𝑧
(𝐴. 2) 

To compute the electrical potential, 𝜙(𝑧), we use the Poisson equation: 

𝑑2𝜙(𝑧)

𝑑𝑧2
=  

𝜌(𝑧)

𝜀0
 (𝐴. 3) 

with the boundary conditions 

𝑑𝜙

𝑑𝑧
|
𝑧=0

=  
𝜎𝑐,𝑙𝑒𝑓𝑡

𝜀0
 (𝐴. 4) 



89 
 

𝑑𝜙

𝑑𝑧
|
𝑧=𝐻

=
𝜎𝑐,𝑟𝑖𝑔ℎ𝑡

𝜀0
 (𝐴. 5) 

and 

𝜙 (
𝐻

2
) = 0 (𝐴. 6) 

where 𝜌(𝑧) is the charge density as a function of distance from the interface and 𝜀0 is the 

permittivity of free space, and 𝜎𝑐,𝑙𝑒𝑓𝑡 and 𝜎𝑐,𝑟𝑖𝑔ℎ𝑡 are the surface charge densities on the 

left and right walls, respectively. These latter quantities are equal to zero, because both 

the silica and graphene walls have net zero charge. We note that, due to the third 

boundary condition, the electrostatic potential at any point is relative with respect to the 

mid-point of the channel. 
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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

Figure A.1: Schematic physical picture of the factors determining the ion-current 
anisotropy when the electrolyte concentration in the reservoir, [Cout], is greater than the 
electrolyte concentration in the pipette, [Cin]. (A) The pipette is negatively charged. Under 
a positive bias (scheme on the left), cations are sourced from the more concentrated 
solution that fills the pipette tip through electroosmosis. Under a negative bias (scheme 
on the right), cations are sourced from the pipette, such that the pipette tip becomes filled 
with the less concentrated solution, leading to lower current. Accordingly, I(V) > I(-V), 
such that A(V) is negative. (B) If the pipette is positively charged, then under negative 
bias (positive bias) anions fill the pipette tip with more concentrated (less concentrated) 
solution. Accordingly, I(V) < I(-V), such that A(V) is positive.  
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Figure A.2: Dependence of the ion-current anisotropy on the voltage for different values 
of [Cin]/[Cout] of LiClO4. The two sets of data for 1 mM/10 mM and 10 mM/100 mM are 
for two different pipettes.  
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Figure A.3: IV curve for 100 mM/ 1 M KCl in water in the same type of glass pipette used 
for the acetonitrile experiments. A(2V) is -0.29, indicating a negative surface potential on 
the inner surface of the pipette.  
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Figure A.4: Simulations of the VSFG line shape as a function of the absolute value of the 
amplitude of the signal contribution for methyl groups in the second sublayer divided by 
that of the first sublayer for different spectral shifts 𝛥�̄� between the two contributions. The 
plots are for (A) the maximum intensity of the VSFG peak; (B) the full width at half 
maximum of the VSFG peak; and (C) the shift of the peak relative to the position of the 
contribution of the second sublayer. The dashed vertical lines indicate the value of |𝐴2/𝐴1| 
for the neat liquid. 



94 
 

 

Figure A.5: Center-of-mass density profiles with respect to distance from a silica interface 

for neat acetonitrile (black) and 1 M LiClO4 in acetonitrile (red, acetonitrile; green, Li+  

10; blue, ClO4
-  10). The grey region indicates the approximate extent of the surface 

bilayer. 
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Figure A.6: Average molecular orientation as a function of the distance of the center of 
mass from a silica interface for neat acetonitrile (black) and acetonitrile in a 1 M LiClO4 
solution (red). The grey region indicates the approximate extent of the surface bilayer.  
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Figure A.7: Electric field as a function of distance from a silica interface for neat 
acetonitrile (black) and acetonitrile in a 1 M LiClO4 solution (red). The grey region 
indicates the approximate extent of the surface bilayer.  
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Figure A.8: Electrical potential as a function of distance from a silica interface for neat 
acetonitrile (black) and acetonitrile in a 1 M LiClO4 solution (red). The grey region 
indicates the approximate extent of the surface bilayer. 
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Figure A.9: Setup for molecular dynamics simulations of interfacial acetonitrile. (a) Top 
view of the hydroxylated silica surface. (b) The confined system consists of a silica 
substrate (silicon, yellow; oxygen, red; and hydrogen, white), a graphene sheet (carbon, 
grey), acetonitrile (ghost representation), and ions, Li+ (purple) and ClO4

- (green and red). 
The zero for the z axis is set to the location of the oxygen atoms of the silanol (SiOH) 
groups on the surface. 
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Chapter 5: Gating of Hydrophobic Nanopores with Large 

Anions 

 

 

 

 

Chapter adapted from: 

Polster, J. W.; Acar, E. T.; Aydin, F.; Zhan, C.; Pham, T. A.; Siwy, 

Z. S. Gating of Hydrophobic Nanopores with Large Anions. ACS 

Nano 2020, 14 (4), 4306–4315. 
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For my next two chapters we will be returning to water-based experiments, as we will 

focus more on chemically modifying the nanopore to achieve desired transport properties. 

The next two projects look at nanopores rendered hydrophobic through chemical 

attachment of fluorinated alkyl groups. Although one might have not heard the term 

before, fluorinated alkyl molecules are found in many households as Teflon, a non-stick 

coating. Pans treated with Teflon are rendered hydrophobic, giving them their non-stick 

properties. If you have a non-stick pan, try putting a drop of water on it and observe the 

shape the water forms. You will see the water “bead up”. This is because the water-water 

interactions are more favorable than the water-pan interactions. The water will naturally 

want to interact more with itself than with the pan surface, hence the beading up shape. 

We can measure the contact angle (i.e., the interior angle of the water droplet) of this 

droplet and see it is greater than 90°. Hydrophobic surfaces are characterized by having 

a contact angle >90°. On the other hand, if you were to put a drop of water on a glass 

surface, you will see the water spread out. This is because the water-glass interactions 

are more favorable than water-water interactions. The favorable interactions cause the 

water to spread across the surface and maximize the number of water-glass interactions. 

The contact angle for a water droplet on glass, or any hydrophilic surface, will be <90°. In 

this way, a surface’s hydrophobicity can be assessed by measuring the contact angle it 

makes with water.  

Hydrophobic and hydrophilic properties are easy to observe at the macroscopic 

level, but many questions remain about what consequences arise from putting these 

surfaces under nanoconfinement. Interestingly, theoretical calculations estimate that 

when two hydrophobic surfaces are ~100 nm apart, phase separation will occur, as the 
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confined water vapor becomes the most thermodynamically stable state.145–147 This 

makes nanopores a great system to investigate nanoconfined hydrophobic surfaces. 

Understanding ion transport in nanoporous materials is critical to a wide variety of energy 

and environmental technologies, ranging from ion-selective membranes, drug delivery, 

and biosensing, to ion batteries and supercapacitors. While nanoscale transport is often 

described by continuum models that rely on a point charge description for ions and a 

homogeneous dielectric medium for the solvent, in this chapter we show that transport of 

aqueous solutions at a hydrophobic interface can be highly dependent on the size and 

hydration strength of the solvated ions. Specifically, measurements of ion current through 

single silicon nitride nanopores that contain a hydrophobic-hydrophilic junction show that 

transport properties are dependent not only on applied voltage but also the type of anion. 

We find that in Cl--contained solutions the nanopores only conducted ionic current above 

a negative voltage threshold. On the other hand, introduction of large polarizable anions, 

such as Br- and I-, facilitated the pore wetting, making the pore conductive at all examined 

voltages. Molecular dynamics simulations revealed that the large anions, Br- and I-, have 

a weaker solvation shell compared to that of Cl-, and consequently were prone to migrate 

from the aqueous solution to the hydrophobic surface, leading to the anion accumulation 

responsible for pore wetting. The results are essential for designing nanoporous systems 

that are selective to ions of the same charge, for realization of ion-induced wetting in 

hydrophobic pores, as well as for fundamental understanding on the role of ion hydration 

shell on the properties of solid/liquid interfaces. 
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Introduction 

Hydrophobic interactions play an important role in many biological processes, such 

as protein folding and regulating transport in biological cells.148–153 Interfaces between a 

hydrophobic surface and an aqueous solution were often found to exhibit many similar 

properties to those of the water/vapor interface,154–159 which is amenable to a variety of 

spectroscopic approaches that have been employed to determine the distribution of water 

and ions at the interfaces.160–162 For instance, several existing experiments and 

modeling159,163–165 revealed that water density at hydrophobic surfaces was lower 

compared to the bulk value, and that the interfacial region is dominated by large 

polarizable ions including iodide and bromide. On the other hand, small ions with large 

hydration energies, such as multivalent ions, tended to remain in the bulk solutions, or 

exhibit weak accumulation at the interface, as observed for chloride.163,166–169  

The remaining unresolved question considers possible consequences of the 

enhanced concentration of polarizable ions on transport behavior of nanoscale systems 

such as hydrophobic nanopores and nanochannels. Hydrophobic nanopores have 

attracted a great deal of research interest due to their applications in designing valves for 

on-demand delivery of ions and molecules, separation processes, as well as model 

systems to understand wetting/dewetting transitions at the nanoscale.170–174 If one could 

gate hydrophobic nanopores with different ions, such channels would provide the basis 

for ion-specific responsive systems with applications in ionic circuitry and sensing.  

Previous results suggested that achieving ionic gating in hydrophobic nanopores 

should be possible. Specifically, continuum modeling that took into account solvation 

energies of ions predicted that iodide ions would adsorb to a hydrophobic surface and 
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render it negatively charged.175 Yet, so far ionic transport through hydrophobic nanopores 

has been mostly studied in physiological salts, such as aqueous solutions of KCl and 

NaCl. In these salts, hydrophobic nanopores act like valves because they are filled with 

water vapor, which, in the absence of external stimulus, prevents them from transporting 

ions or molecules.150,170,172,176 Transport of water and all dissolved species in it can be, 

however, induced by applying a pressure difference172,177–179 or transmembrane 

potential.172,176,180–182 Ion current passing through a nanopore is the main observable 

informing on the nanopore wetting status: when the pore is filled with water vapor the 

current is nearly zero, while wetting of the pore is observed as finite current. Using electric 

field is advantageous because, in contrast to a system gated by pressure difference, 

applying voltage does not require mechanical strengthening of the membrane and thus 

many experiments can be performed with one nanopore without its breaking. Wetting 

hydrophobic nanopores using an electric field has recently been explained via voltage-

induced alignment of water dipoles that in turn allows ions to pass through the pore and 

produce finite ion current.183 

In this work we show that ionic transport through hydrophobic nanopores can be 

gated by a combination of electric field and large polarizable anions. To this end, we 

designed nanopores containing a hydrophobic entrance on one side, and a hydrophilic, 

highly charged entrance on the other side. Such an asymmetric hydrophobic/hydrophilic 

junction has been shown to lower hydrophobic interactions,184–186 allowing us to induce 

the wetting of nanopores for voltages below 2 V, while probing pore gating with different 

ion types. Our ion current measurements suggested that large polarizable anions, such 

as bromide and iodide, favorably adsorb to the hydrophobic interfaces and, in turn, 
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promote the voltage-induced wetting process. We show that the wetting process 

enhances nanopore conductance by at least an order of magnitude in KI and KBr 

solutions as compared to KCl at the same concentration. On the other hand, we find that 

effects of selected cations on the voltage-induced wetting process were much weaker 

than the influence of anions. Our experimental findings were supported by first-principles 

calculations and molecular dynamics simulations;187 specifically, the simulations revealed 

that larger anions yield weaker and less defined hydration shells and are more prone to 

accumulate at a hydrophobic surface where water concentration is diminished. 

Methods 

Materials 

 The following reagents were purchased from the indicated company and used as 

received: potassium chloride (KCl, 99.8%, Fisher Scientific), potassium bromide (KBr, 

Infrared Grade, Fisher Scientific), potassium iodide (KI, >99%, Fisher Scientific), sodium 

chloride (NaCl, >99%, Fisher Scientific), lithium chloride (LiCl, 99%, EMD Chemicals), 

tris(hydroxymethyl)aminomethane (Tris, 99.9%, Sigma-Aldrich), poly(allylamine 

hydrochloride) (PAH, MW ~17,500, Sigma-Aldrich), poly-L-glutamic acid sodium salt 

(PGA, MW ~93,600, Pilot Chemicals), 1H,1H,2H,2H-perfluorooctyltrichlorosilane 

(hydrophobic silane, 97%, Alfa Aesar), hydrogen peroxide (H2O2, 30% w/w, Sigma-

Aldrich), sulfuric acid (H2SO4, 95-98%, VWR). All solutions were made in Milli-Q water 

(18.2 MΩ). Low-stress silicon nitride membranes (SiNx, 50 x 50 μm, 30 ± 2 nm thick) were 

purchased from Norcada and cleaned with piranha solution (3:1, H2SO4:H2O2) at 100 °C 

for 30 min prior to pore fabrication. 
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Nanopore fabrication 

30 nm thick silicon nitride films (50 x 50 µm2 window) were subjected to the 

dielectric breakdown process to fabricate single nanopores.48 Dielectric breakdown was 

performed in a homemade polydimethylsiloxane conductivity cell. Larger pores (opening 

diameter > 20 nm) underwent dielectric breakdown with the top half exposed to a strongly 

basic solution of 1 M KCl (pH 13.1) and the bottom half exposed to a strongly acidic 

solution of 1 M KCl (pH 1.6). In order to prepare smaller pores (opening diameter < 20 

nm), both sides were exposed to the pH 1.6 solution. Dielectric breakdown was performed 

by applying 11.2 V (larger pores) or 12 V (smaller pores) with two Ag/AgCl pellet 

electrodes. Pore formation was observed as an increase of the current recorded during 

the dielectric breakdown process by ~20 – 1200 nA above the base current. Effective 

pore diameter was estimated using the pore resistance from an I-V curve in 1 M KCl at 

pH 8, and assuming a cylindrical geometry of the pore. The total resistance of the pore 

system is a sum of the access resistance and geometrical pore resistance,57 thus the 

opening diameter (D) can be calculated using the following equation:188 

𝐷 =
𝐺

2𝜎
[1  √1  

16𝜎𝐿

𝜋𝐺
 ] (5.1) 

where σ is the solution conductivity, L is pore length (30 nm), and G is the pore 

conductance determined by the slope of the I-V curve. We consider the calculated value 

of D as an effective pore diameter. 
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Nanopore surface modification with poly(allylamine hydrochloride) (PAH) and 

hydrophobic silanes 

Once fabricated, the pores were first modified with a positive polyelectrolyte (PAH), 

followed by modification with hydrophobic silanes. In the first step, a nanopore was placed 

in a conductivity cell; one side of the membrane was exposed to ~7 mM solution of PAH 

in pH 6 water for 30 minutes; the other side of the conductivity cell contained water. 

Successful PAH modification was assessed by a decrease of transmembrane current and 

presence of ion current rectification. After a thorough drying of the chip, the same pore 

was subsequently subjected to the modification with 1H,1H,2H,2H-perfluoro-

octyltrichlorosilane performed from the opposite side of the membrane, previously in 

contact with water. The modification was performed from a 0.2% silane solution in toluene 

for five minutes, followed by washing the whole pore in ethanol and heating it at 120 °C 

for 30 minutes. Successful silane modification showed a large decrease in the nanopore 

conductance in KCl. In order to estimate the thickness of the silane layer, two nanopores 

were modified with silanes from both sides and submerged in ethanol overnight. They 

were subsequently characterized in a 1:1 mixture of 1 M KCl and ethanol. In the presence 

of ethanol, the nanopores were wet and their I-V curves informed on the effective pore 

size and the silane layer thickness. The calculations were performed assuming a 

homogeneous thickness of the layer on the pore wall and membrane surface.189 Once 

wetted, the nanopores were also characterized in 1 M aqueous KCl, and the thickness 

was estimated again. Example recordings of current-voltage curves before and after 

silanization are included in Figure B.14. Based on all recordings the silane layer is 

estimated to be ~5 nm thick. 
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Additional pore modification with polyglutamic acid (PGA) 

After PAH and silane modification, a few pores were modified with an additional 

polyelectrolyte to yield a negatively charged surface at one pore entrance, while the other 

entrance remained hydrophobic. For these select pores, the bottom of the chip containing 

PAH was exposed to ~0.35 mM solution of PGA in pH 8 water for 30 minutes while the 

other side of the membranes was in contact with water. 

Electrochemical measurements 

Current-voltage curves were recorded with an Axopatch 200B and Digidata 1322A 

(Molecular Devices Inc.) from -2 V to +2 V using 200 mV steps and a sampling frequency 

of 10 kHz. Current at each voltage step was recorded for 100 s, and reported values are 

averages and standard deviations of the time series excluding first and last ~5 s for each 

voltage. A few measurements of current-voltage curves were performed with Keithley 

6487 picoammeter/voltage source (Keithley Instruments, Cleveland, OH); average and 

standard deviations were calculated based on three subsequent voltage scans. Pellet 

Ag/AgCl electrodes were used in all current experiments, with the ground electrode 

placed at the side of the nanopore modified with silanes. All salt solutions were prepared 

with 10 mM tris buffer and adjusted to pH 8. 

Contact angle measurements 

Contact angle measurements were performed using a homemade imaging setup 

at room temperature. A micropipette tip was filled with 2 μL of solution and dispensed on 

the SiNx membrane. Images were captured on a VRI Phantom v7.3 camera outfitted with 

an Infinity Photo-Optical Model K2 DistaMax Long-Distance Microscope. Contact angle 

values were calculated using the ImageJ Contact Angle plugin by M. Brugnara. 
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First-principles and classical simulations 

For the simulations of ions in bulk liquid water, all solutions were modeled by 

periodic cubic cells consisting of 63 water molecules and a single solvated ion, with the 

excess charge compensated by a uniform background charge. The size of the cells was 

chosen to yield the experimental density of liquid water under ambient conditions. Our 

first-principles simulations were carried out using Born-Oppenheimer MD with the Qbox 

code,190 with the interatomic force derived from density functional theory (DFT) and the 

Perdew, Burke, and Ernzerhof (PBE) approximation for the exchange-correlation energy 

functional.191 The interaction between valence electrons and ionic cores was represented 

by norm-conserving pseudopotentials,192 and the electronic wave functions were 

expanded in a plane-wave basis set truncated at a cutoff energy of 85 Ry. All hydrogen 

atoms were replaced with deuterium to maximize the allowable time step, which was 

chosen to be 10 atomic units. The equilibration runs were carried out at an elevated 

temperature of T = 400 K in order to recover the experimental water structure and 

diffusion, while also providing a good description of the ion solvation at room 

temperature.187,193–195 For the analysis of structural properties, the statistics were 

collected over 45 ps microcanonical simulations after an equilibration run of 15 ps. 

Classical MD simulations of the hydrophobic interfaces were carried out using the 

LAMMPS simulation package.196 The simulation systems consist of an aqueous solution 

(KBr, KCl or KI) confined between two parallel Si (111) surfaces that are functionalized 

with flexible silane molecules. The lateral dimensions of the simulation cell are about 3 

nm x 3 nm, and the separation distance between the two surfaces is approximately 7.8 

nm from the tips of silane groups after the structures are equilibrated. The confined region 
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was solvated by TIP3P water molecules, and the ions were added to obtain an 

experimental concentration of 1 M. We employed OPLS-AA force fields for the description 

of ions and CFn groups of silane molecules.197,198 The systems were first energy 

minimized and then equilibrated for 1 ns under NPT ensemble by using a Berendsen 

barostat.199 The production simulations were run for 30 ns under the NVT ensemble, 

where a Nosé-Hoover thermostat110,200  was used to maintain the temperature at 298.15 

K. The hydrogen bonds of water molecules were constrained by using the SHAKE 

algorithm,201 and the long-range electrostatic interactions were computed using the 

particle-particle particle-mesh method.202  
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Results and discussions 

Asymmetrically modified nanopores displayed ion-size-dependent hydrophobic 

gating  

All nanopores were prepared in 30 nm thick silicon nitride films by the dielectric 

breakdown process.48,188 Pore diameter was tuned via controlling the magnitude of the 

breakthrough current measured when the dielectric breakdown process was stopped. 

Nanopores prepared by this technique are known to exhibit various characteristics of 

current-voltage curves suggesting that their shape might not be cylindrical.203 In order to 

estimate the effective pore opening diameter and to allow comparison between 

independently prepared nanopores, the nanopores were sized based on their 

conductance measured in 1 M KCl and using a cylindrical pore model with access 

resistance. Results presented in this manuscript were obtained from nanopores with 

effective opening diameters between 10 nm and 140 nm. 

The membranes were rendered hydrophobic by silanization reaction with 

1H,1H,2H,2H-perfluoro-octyltrichlorosilane.204 Silicon nitride surfaces subjected to the 

modification exhibited a contact angle in water of ~120° (Figure 5.1A,B); a silicon nitride 

surface before functionalization had a contact angle of 60° (Table B.T1). Two nanopores 

(25 and 50 nm diameter) were silanized symmetrically from both sides, resulting in the 

silanes’ attachment to the entire pore wall and membrane surface. Figure 5.1C and Figure 

B.1 show recordings for the 50 nm diameter nanopore before and after the silanization 

reaction. The pore exhibited nearly no ion current in KCl, KBr, and KI, which is consistent 

with the strong hydrophobic character of the pore walls (Figure 5.1D); the increase of the 

current in KI is not significant and remains within the noise. Recordings for the 25 nm 

nanopore are shown in Figure B.2, which was additionally probed in NaCl and LiCl (not 



111 
 

shown). The 25 nm pore conducted finite current only in KBr, indicating that these 

silanized nanopores were too resistive to achieve voltage or ion induced hydrophobic 

gating (Figure 5.1D, Figure B.2). This conclusion was supported by experiments in KCl 

with 5 additional silanized nanopores, which conducted just few tens of pA at 2 V for both 

voltage polarities. 
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Figure 5.1: Preparation of hydrophobic nanopores. (A) Chemical structure of silanes used 
to render the silicon nitride surface hydrophobic. (B) Scheme of a nanopore subjected to 
symmetric silanization together with a contact angle measurement performed on a flat, 
silane-modified silicon nitride surface. (C) Current-voltage curves of a 50 nm diameter 
nanopore before and after silanization, recorded in 1 M KCl. (D) Current magnitude at +2 
V recorded in 1 M KCl, KBr, and KI for the same nanopore as shown in (C). (E) 
Polyelectrolyte poly (allylamine hydrochloride) (PAH) used to render one pore entrance 
positively charged.  (F) Scheme of a nanopore subjected to PAH and silanization 
modifications. (G) Current-voltage curves for a 25 nm diameter nanopore before and after 
chemical modifications. Forward scans are shown in the main panel; the inset contains a 
reverse scan (open symbols) and zoomed in part of the forward scan (filled symbols) in 
1 M KCl. Note that in the inset, for clarity, voltage range only from -2 V to +0.4 V is shown, 
and the y-axis scale contains a break. (H) Summary of ion current at +2 V for the same 
nanopore in different salts; recordings after the PAH and silane modifications are shown. 
Error bars shown in panels (C), (D), (G) and (H) are standard deviations found based on 
ion current signals recorded at each voltage for 100 s (see Materials and Methods 
section). The exception is one recording in (G) shown as red triangles that was performed 
without time resolution using a picoammeter; average value and standard deviation at 
each voltage were found based on three consecutive current-voltage curves.  In (C) and 
some recordings in (G) (shown as black and red data points) the error bars are smaller 
than data points.  
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In the design of hydrophobic nanopores, which would be closed for ionic transport 

at low voltages but would conduct ions at higher voltages, we were inspired by earlier 

simulations and experiments that indicated charge placement near hydrophobic groups 

could lower hydrophobic interactions.184,185 The nanopores were therefore equipped with 

a junction between a hydrophobic pore entrance and a hydrophilic, highly charged 

entrance. To this end, a single-nanopore chip was first exposed from one side to a 

solution of positively charged polyelectrolyte, poly(allylamine hydrochloride) (PAH) 

(Figure 5.1E).205 Due to the negative surface charges of silicon nitride, PAH was expected 

to electrostatically attach to the membrane surface and part of the pore walls, creating a 

junction between positively charged PAH and negatively charged unmodified silicon 

nitride. As shown before, such junctions induce ion current rectification,69,79,206,207 thus 

recording asymmetric current-voltage curves indicated successful modification with PAH 

(Figure 5.1G). In the next step, the unmodified side of the membrane was subjected to 

silanization modification and was rendered hydrophobic, completing the proposed 

hydrophobic/hydrophilic junction (Figure 5.1F). Ionic transport properties of a hybrid 

nanopore containing such hydrophobic/hydrophilic junction in 1 M KCl are shown in 

Figure 5.1G. The nanopore showed nearly no conductance at all positive voltages but 

opened for ionic transport at negative voltages where hysteresis was observed. During 

the first forward scan, when voltage was changed from -2 V to +2 V with 200 mV steps, 

the pore started in the open – conductive state at high negative voltages and closed for 

ionic transport at -1.2 V, when the measured current decreased to few tens of pA. The 

pore remained closed for the rest of the scan. The transition from a conductive state to a 

non-conductive state corresponds to a dewetting process i.e., formation of a vapor region 
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within the pore. For the reverse scan, when the voltage was changed from +2 V to -2 V, 

the pore opened for ionic transport only at -1.6 V (see the inset to Figure 5.1G); this 

transition corresponds to filling the pore with condensed water. Existence of the 

hysteresis such that voltage needed to open the pore for ionic transport (-1.6 V) was 

higher than the voltage magnitude (-1.2 V) at which the pore underwent dewetting (nearly 

zero conductance) is consistent with earlier observations with hydrophobic nanopores.208 

Note that the pore opened for ionic transport in KCl only for negative voltages thus when 

anions were sourced from the side with positively charged PAH and moved towards the 

silanized side of the membrane.  

The same nanopore was also examined in 1 M NaCl and LiCl, as well as KBr and 

KI to probe the influence of cations and anions on the voltage-dependence of ion current 

and nanopore wetting. Figure 5.1H summarizes the results and shows ion currents at +2 

V, the condition most sensitive to the wetting transition. In our electrode configuration, 

hydrophobic nanopores exhibit negligible conductance in KCl at positive voltages. Thus, 

finite values of positive currents could indicate diminished hydrophobic interactions and 

pore wetting. The recordings in Figure 5.1H clearly display a large current increase in 

bromide and iodide solutions, while no significant increase for currents in sodium and 

lithium solutions was observed. The series of experiments suggested that the presence 

of large polarizable ions in the solution indeed influenced the solid/liquid interface and 

promoted the process of nanopore wetting. Figure B.4 shows ion currents for all salts at 

-2 V; due to finite conductance of this nanopore in KCl, the wetting effect of Br- and I- was 

less visible compared to the recordings at +2 V. Similar to ion currents at +2 V, however, 
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the conductance of this nanopore at -2 V was still the highest in KBr and KI among all 

salts. 

The nanopore shown in Figure 5.1G,H was 25 nm in diameter, thus as the next 

step we probed how the opening size influenced the pore’s ability to respond to the 

presence of different ions. Figure 5.2 summarizes ion current recorded for four different 

pores with openings between 12 nm and 140 nm. At +2 V in KCl, all nanopores were in 

their low conductance state such that the value of ion current remained below 100 pA 

independent of the pore opening size. This finding is in agreement with earlier 

experiments reporting low ion currents through hydrophobic nanopores with opening of 

~140 nm.172 All nanopores exhibited significantly higher currents in KBr or KI compared 

to the recordings in KCl, providing evidence that the large anions facilitated the pores’ 

wetting. We hypothesize that when a pore is wet, a continuous column of electrolyte is 

created along the pore length, connecting the two reservoirs on both sides of the 

membrane. It is important to note, however, that the current in KI/KBr shows only a weak 

dependence on the pore opening diameter, suggesting that the electrolyte does not fill 

the entire cross-section of the pores. Moreover, the continuous column of electrolyte 

might not be created along the pore axis, but rather multiple columns of water with 

possible tortuosity can be present in wider pores. The set of intertwined electrolyte 

columns would exhibit high ionic resistance and explain the lack of clear dependence of 

current on the pore diameter, seen in Figure 5.2. 
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Figure 5.2: Ionic gating as a function of nanopore diameter. Ionic transport characteristics 
of nanopores containing a hydrophobic/hydrophilic junction in different 1 M salt solutions.  
Note that the 140 nm pore was first modified with silanes followed by PAH, thus in reverse 
order than done for other pores. The error bars are standard deviations found based on 
ion current signals in time for each device. One sample was tested for each pore diameter.   

 

The change in ion current behavior in KI compared to KCl is even more striking 

when we compare the characteristics of ion current signals in time. Figure 5.3 shows ion 
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different voltages. The pores shown are examples of two types of hydrophobic gating 

observed in KCl. In the first type of gating, fluctuations of ion current in time were observed 

for voltages above a certain threshold – the signal would switch between a current value 

close to 0 nA and a finite current value (Figure 5.3A); four out of twelve nanopores 
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increased with the increase of negative voltage. In the second type of behavior shown (n 

= 4), ion current also became finite at a threshold negative voltage, but the ion current 

signals did not exhibit switching behavior (Figure 5.3C).  

1E-3

0.01

0.1

1

10

140 nm25 nm

 KCl

 NaCl

 LiCl

 KBr

 KI

C
u

rr
e
n

t 
a
t 
+

2
 V

 (
n
A

)

Pore diameter

12 nm 60 nm



117 
 

Figure 5.3A shows recordings in KCl for the reverse scan of the 25 nm nanopore 

shown in Figure 5.1G that exhibited the first type of gating.3 When the same pore was 

exposed to 1 M KI, current fluctuations ceased in the second scan followed by stable 

current signals for all voltages examined (Figure 5.3B, Figure B.5). The ion current 

recordings in KI also indicated that the presence of the large anions alone, without 

external voltage, was not sufficient to induce nanopore wetting; indeed, contact angle of 

a hydrophobic surface remained at a constant value of ~105° for all salts (Table B.T1). 

The nanopore opens in KI only when an external electric field is applied.  
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Figure 5.3: Types of hydrophobic gating. Ion current signals in two nanopores containing 
a hydrophobic/hydrophilic junction. (A) and (B) Recordings for a 25 nm diameter pore in 
1 M KCl and 1 M KI, respectively. (C) and (D) Recordings in 1 M KCl and 1 M KI for a 12 
nm diameter pore, respectively. Recordings in KCl and KI are presented in red and navy, 
respectively. 
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The second type of voltage response in KCl involved a sudden pore opening 

without significant current fluctuations. Figure 5.3C provides recordings for a 12 nm 

diameter pore showing this response. A sudden pore opening in the reverse scan without 

ion current instabilities was observed at -0.6 V (see current-voltage curve in Figure 5.3C), 

and no on-off current switching occurred for higher voltages. When exposed to KI, the 

nanopore exhibited similar behavior for negative voltages but opened for transport at 

positive voltages (Figure 5.3D). 

The ion current recordings in Figure 5.3 revealed fluctuations whose amplitude 

significantly exceeds variations in ion current observed with as prepared nanopores 

(Figures B.1, B.3). In order to probe if the current fluctuations were caused by trapped air 

bubbles, the entire conductivity cell, containing the nanopore and electrolyte solution (1 

M KCl), was placed in a vacuum desiccator for 30 minutes. Figure B.6 shows examples 

of ion current recordings before and after removal of air bubbles. Presence of ion current 

bursts in both experiments suggests that the ion current instabilities are intrinsic to 

hydrophobic nanopores.150,183 We believe the current instabilities arise, because the pore 

is not entirely filled with electrolyte, thus even when the pore is conductive, the continuous 

electrolyte column (or multiple columns, see above) has a radius that is locally smaller 

than the geometrical pore opening.150,183 When voltage is applied, the flow of ions can 

lead to instabilities in the effective radius of the electrolyte paths, observed as ion current 

fluctuations.  

When analyzing the magnitude of ion current at negative voltages for both 

nanopores shown in Figure 5.3 we realized that at -2 V the pores conduct higher currents 

in KCl than at KI. In Figure 5.3A the current bursts at -2 V reach an amplitude of even -7 
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nA while in KI the current is only -1.5 nA. The reasoning for this is less clear but it was 

observed for multiple devices. Possible explanations stem from the fact that large anions 

are predicted to adsorb to the silanized pore walls, making the walls effectively negatively 

charged. This alteration in surface charge distribution could impact measured current. 

It should also be noted that three out of 12 pores we prepared did not open for 

current in KCl for positive or negative voltages; two of the three pores conducted current 

in KI or/and KBr, which led to finite ion current for both voltage polarities, and one pore 

was not conductive in any salt. In addition, one nanopore was not successfully modified 

with hydrophobic silanes, as suggested by the pore’s high conductance in KCl for all 

voltages.   

Control experiments were also performed with an unmodified silicon nitride 

nanopore in KCl, KBr, and KI. These measurements provided evidence that the ion 

current dependence on voltage and anion type occurred due to the chemical 

modifications we performed and was not intrinsic to silicon nitride nanopores. Figure B.7 

shows current-voltage curves for an as prepared silicon nitride nanopore. As expected, 

all recordings are linear with similar current magnitudes, in agreement with comparable 

bulk conductivity of the salts.  

The experiments suggested that large polarizable anions enhanced wetting of 

nanopores containing a junction between a hydrophobic zone and a hydrophilic, positively 

charged zone. We realized, however, that the anion’s effect on ion transport could have 

two origins: (i) affinity of large anions towards a hydrophobic surface, as mentioned 

above; or/and (ii) enhanced concentration of anions at the pore entrance containing PAH. 

The locally enhanced ion concentration could promote wetting, because previous 
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experiments from our group indicated that wetting of hydrophobic nanopores is enhanced 

in high ionic strength solutions.171 In order to elucidate which of these phenomena 

dominates, we prepared a nanopore with one entrance containing a negatively charged 

polyelectrolyte while the other entrance remained hydrophobic. This system was created 

by subjecting a nanopore, as schematically shown in Figure 5.1F, to a solution of 

polyglutamic acid (PGA). Polyglutamic acid was expected to electrostatically attach to 

PAH and switch the surface charge from positive to negative. In a control experiment, we 

confirmed that the attachment of PGA to PAH indeed occurred, as evidenced by a current 

decrease and inversion of rectification (Figure B.8). Figure B.9 shows data for a nanopore 

that was originally 12 nm in diameter and subjected to modification with PAH, silanes, 

and PGA. This pore exhibited negligible conductance in KCl, NaCl, LiCl, and KBr but 

opened for ion transport in KI. These experiments provide evidence that the propensity 

of anions to concentrate at a hydrophobic surface determines the nanopore wetting. It is 

important to note that the nanopore with PGA was not conductive in KBr, even though 

hydrophobic nanopores containing positively charged polymer on one side would be open 

for ionic transport in both KBr and KI. This observation suggested that the effect of pre-

concentrating anions at pore entrance might also play a role in the pore wetting. 

Our experimental observations on anion-induced wetting of nanopores is 

consistent with a wide literature on ion-dependent surface tension.167,209 Surface tension 

of water/air interface is known to increase with the addition of inorganic salts such as KCl, 

or KI, however, heavier, more polarizable halides, such as I-, increase surface tension to 

a smaller extend than Cl-. The lower surface tension in I- salts was explained by 
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accumulation of the anions at the interface. Our hydrophobic nanopores can indeed be 

wetted in the presence of larger anions and are closed for ionic transport in KCl.  

It is also well known that surface tension increases linearly with concentration for 

a majority of inorganic salts.210 Consequently, our hydrophobic nanopores are expected 

to be wetted in less concentrated solutions due to their decreased surface tension. Our 

earlier results in KCl with nanopores containing a hydrophobic/hydrophilic junction as 

mentioned above revealed an opposite trend: the nanopores were more prone to become 

conductive in more concentrated solutions.171 Pre-concentrating of anions by PAH, 

capable of promoting nanopore wetting, also contradicts the intuition gathered from 

previous work on surface tension. One nanopore we prepared for this project was probed 

in 1 M and 100 mM KCl and a similar trend was observed – the nanopore remained mostly 

closed in 100 mM KCl (Figure B.10). The influence of salt concentration on hydrophobic 

gating will be probed by us in the future. We believe an explanation of this behavior needs 

to include the neighboring polar groups as well as application of electric field. 

Simulations revealed large, polarizable anions had more flexible solvation shells 

and accumulated near hydrophobic surfaces 

In order to complement and provide insights into our experimental findings, we 

carried out first-principles molecular dynamics (MD) simulations of chloride, bromide, and 

iodide ions in bulk water. These simulations provided detailed understanding on the 

nature of ion hydration, which can be related to the wetting behavior observed in the 

experiments. Here, our examination of ion solvation structures was based on the 

calculated radial distribution functions (RDFs) between the hydrogen atoms in water and 

the anions, gXH(r), where X = Cl-, Br-, or I-. As shown in Figure 5.4A, the position of the 
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gXH(r) first maximum, rX, follows the order rI
- > rBr

- > rCl
-, yielding values of 2.54, 2.35, and 

2.17 Å for I-, Br-, and Cl-, respectively. This ordering indicates an increase in the size of 

the first solvation shell from Cl- to I- and reflects the ion radius increase among the three 

anions. More importantly, the calculated RDFs indicate that Cl- yields a significantly 

stronger solvation shell compared to Br- and I-, as supported by a shorter average ion-

hydrogen rX distance as well as a higher intensity in the gXH(r) first maximum. This 

analysis also reveals that I- exhibits the weakest solvation shell among the three anions.  

Additional information on the difference in the solvation structures among the ions 

can be obtained by examining the probability distributions of the ion-hydrogen 

coordination numbers (nXH). For instance, as shown in Figure 5.4B, we find that larger 

ions, such as I-, exhibit a much broader nXH distribution compared to that of Cl-. The broad 

distributions imply that the solvation shells of Br- and I- are rather flexible and are 

characterized by more frequent exchanges of water molecules between the first and 

second ion solvation shells. Collectively, our simulations support the interpretation of 

weaker and more flexible solvation shells of Br- and I- compared to that of Cl-, implying 

that these larger anions are more prone to migrate to hydrophobic surfaces where the 

water concentration is diminished.  
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Figure 5.4: Solvation shell of anions in bulk liquid water. (A) The calculated ion-water 
hydrogen radial distribution functions for chloride (Cl-), bromide (Br-), and iodide (I-) in bulk 
water; (B) Histograms of the water hydrogen coordination number in the first shell around 
the anions. The first minima in the corresponding g

XH
(r) were used as distance cutoffs for 

determination of the first solvation shells. The results indicate that large anions yield a 
weaker and more flexible solvation shell. 

 

To support this initial assessment, we directly probed adsorption behavior of the 

anions on a hydrophobic surface. To this end, we carried out MD simulations of KBr, KCl, 

and KI solutions at the interface with a silicon surface functionalized with flexible silane 

molecules, where a high surface coverage of 100% was used to represent high 

hydrophobicity conditions in experiments (Figure 5.5A,B).  In addition, given the 

complexity of the system, classical simulations were utilized instead of first-principles 

simulations that require significant computational resource. Here, our simulations were 

carried out using the TIP3P water model and OPLS-AA force fields197 were employed for 

the description of ions and surface silane molecules. We emphasize that these force fields 

have been parametrized to recover the experimental hydration energy and solvation 

structure of the ions in liquid water.197 In addition, we note that ion surface affinity is largely 

determined by ion-silane, ion-ion, and ion-water interactions rather than the interactions 

of ions with the substrate, as aqueous solutions are separated from the silica surface by 
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almost 16 Å (see Figure B.11). This distance is larger than the cut-off distance of the 

OPLS force-field employed in our MD simulations, therefore the substrate has only a 

minor effect on the behavior of ions at the interface. 

The calculated density of ions as a function of the distance from the surface is 

shown in Figure 5.5C-E. The results indicate that anions with larger ionic radius exhibit 

stronger adsorption at the interface. In particular, we found that Br- and I- are favorably 

adsorbed at the interface, as indicated by a peak located at a distance of about 6 Å and 

5 Å from the surface, respectively, with the strongest enhancement in interfacial density 

obtained for I-. This contrasts with the smaller Cl- ion, whose distribution reveals depleted 

density at the interface (Figure 5.5C). Such an adsorption ordering of the anions can be 

straightforwardly related to the strength of their solvation assessed in Figure 5.4. 

Specifically, larger ions, such as I-, yield a weak solvation shell, and therefore can be 

easily desolvated and adsorbed at the hydrophobic interface. In contrast, the smaller ions 

have a much stronger solvation environment and prefer to remain solvated, preventing 

them from approaching the interface. The results are in agreement with earlier studies 

showing that large anions increase surface tension of water/air interface to a weaker 

degree compared to smaller anions.209 Collectively, our simulations indicate that large 

ions, such as I-, exhibit a stronger affinity toward hydrophobic surfaces, and further 

support the conclusion that the ions can induce nanopore wetting. We emphasize that 

our conclusions remain valid for the surface with a lower coverage of silanes (50%), as 

well as graphene, which can also be considered a model of a hydrophobic system (see 

Figure B.12).211,212 We also note that, the affinity of I- toward the interface is weaker for 

the surface with a 50% coverage of silanes due to the decreased hydrophobicity of the 
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surface. As a result, our simulations suggest that the details of the ion distribution are 

strongly dependent on the chemical characteristics of the surface.  

We also used the electronic continuum correction (ECC) to investigate the effect 

of polarizability on the behaviors of ions at the interface, where we confirmed that the 

trend in the surface affinity among the three ions remains the same. Interestingly, we 

found that the use of the ECC approximation increases surface affinity of all the anions; 

for instance, interfacial density of chloride was found to be significantly larger than the 

bulk density in the ECC simulations (Figure B.13). This is likely to be a consequence of 

the discontinuity in the electronic relative permittivity at the interface between the 

solutions and silane molecules, which has also been found to be responsible for an 

overestimation of ionic surface affinity in simulations of the water/vapor interface with the 

ECC approximation.213 We note that ECC approximation is known to be more suitable for 

systems that are electronically homogeneous, such as water/oil interface, and is less 

applicable for those with a discontinuity in the electronic relative permittivity. 

The distribution of ions in Figure 5.5 also shows that an enhanced concentration 

of I- at the surface leads to formation of a neighboring region with enhanced concentration 

of potassium ions, an effect shown before.175 The two peaks corresponding to anions at 

the surface and cations resemble properties of an electrical double-layer with a distinction 

that in the case presented here, the ionic distributions are governed by hydrophobic 

properties of the surface and solvation shell of ions in a solution, instead of charges on 

the surface.67 
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Figure 5.5: Modeling of ion adsorption at a hydrophobic interface. (A) Side and (B) top 
view of the atomistic structure of the system composed of silicon surfaces (orange) 
functionalized with silane molecules (white, silver, and green atoms correspond to 
hydrogen, carbon, and fluorine, respectively), water (white and red atoms correspond to 
hydrogen and oxygen, respectively), and ions (yellow cations and blue anions). (C-E) Ion 
distribution along the direction perpendicular to the surface. The solid and dashed lines 
show the distributions for the anions and cations for the solutions considered in this work, 
respectively. 
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Conclusions 

In this chapter we examined single nanopores containing a junction between a 

hydrophobic region, and hydrophilic, highly charged region. The presence of the junction 

made the system responsive not only to applied voltage but also the type of ions present 

in the solution. Our experiments and modeling provided evidence that bromide and iodide 

ions, due to their weaker solvation shell, had a tendency to accumulate at hydrophobic 

surfaces and promoted nanopore wetting.  

Earlier continuum modeling showed that iodide ions could indeed accumulate at a 

hydrophobic surface, which was captured by so-called hydrophobic solvation energy 

related with the ion volume.175 Our results provide a detailed physical mechanism, which 

describes effects governing location of ions near a hydrophobic interface. It is the strength 

of the ion solvation shell that determines whether an ion will have an enhanced or 

diminished density at a hydrophobic surface. In the confined geometry of a nanopore, 

which does not de facto contain a bulk phase, small ions with strong hydration shells 

might not even enter the pore. On the other hand, large polarizable ions will accumulate 

next to hydrophobic walls and induce ionic transport through the nanopore. The 

importance of ion solvation for ionic distributions near a hydrophobic surface is in strong 

contrast with a charged surface, where charged chemical groups play a dominant role in 

modulating local ionic concentrations.67  

The results presented here will be of great interest in preparing ion-responsive 

systems based on hydrophobic pores. We also imagine it should be possible to prepare 

a valve-like membrane, which becomes open for ionic and molecular transport when a 

threshold voltage or/and gating ion is added. Our future studies will focus on 



129 
 

understanding the role of ionic concentration in the hydrophobic gating and introducing 

electric fields into modeling of hydrophobic interfaces. The experiments and modeling will 

also be extended to more types of anions and cations. It will be especially important to 

understand the role of cation and anion affinity to a hydrophobic surface when it is 

connected to a highly charged zone, as done in the system shown here. It is possible that 

the adsorption of large ions at a hydrophobic surface is influenced by the presence and 

polarity of the nearby charges. These experiments will involve probing different salts 

individually as well as in mixtures. 
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Appendix B: Supplementary Materials for Chapter 5 
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Supplementary Table 

 

Table B.T1: Contact angle, θ, measured in water and various salt solutions on untreated 
SiNx chips, chips modified with poly(allylamine hydrochloride) (PAH), and hydrophobic 
silanes. 
 

 θ in H2O (deg) θ in 1 M KCl (deg) θ in 1 M KBr (deg) θ in 1 M KI (deg) 

Clean 
SiNx 

60 

 

-a - - 

PAH-
modified 
SiNx 

75 

 

- - - 

Silane-
modified 
SiNx 

120 

 

 
105 

 
 

105 

 

105 

 

-a data was not collected 
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Supplementary Figures 

Figure B.1: (A) Recordings of ion current for an as prepared nanopore shown in Figure 
5.1C. (B) Part of ion current recording at +2 V for the same nanopore after silanization. 
These measurements were performed using ion current amplifier (Axopatch 200B). 

 

 

 

 

 

 

 

 

 

 

Figure B.2: Recordings for a 25 nm nanopore that was modified with hydrophobic silanes 
from both sides. This pore opened up for ionic transport in the presence of KBr but not KI 
(see the inset). The error bars are standard deviations of ion current recordings for each 
voltage. 
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Figure B.3: (A) Recordings of ion current in 1 M KCl for an as prepared nanopore shown 
in Figure 5.1G. These measurements were performed using ion current amplifier 
(Axopatch 200B). (B) Current-voltage curves in 1 M KCl of a nanopore shown in Figure 
5.1G after the attachment of PAH. This set of data was recorded with a picoammeter 
(Keithley 6487) without time resolution. Three subsequent scans that overlap on top of 
each other indicate the nanopore stability. 

 

 

 

 

 

 

 

 

 

 

Figure B.4: Ion current recordings at -2 V for the nanopore shown in Figure 5.1H. Average 
values and standard deviations of the recordings in the reverse bias are shown. 
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Figure B.5: Recordings for a 25 nm nanopore modified with the positively charged 
polyelectrolyte, PAH, and hydrophobic silanes in 1 M KI. This is the same pore as shown 
in Figure 5.1F,G. (A) The first forward scan (the voltage was changed from -2 V to +2 V) 
after changing KCl to KI. Note the instabilities of ion current at -2 V. (B) The first reverse 
scan taken immediately after the scan shown in (A). In both panels examples of ion 
current signal in time are shown together with current-voltage curves.  
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Figure B.6: Recordings of ion current in time through a 12 nm diameter nanopore 
containing a hydrophobic/hydrophilic junction (A) before, and (B) after 30-minute-long 
incubation in a vacuum desiccator. Placing the whole conductivity cell with the nanopore 
membrane in a vacuum desiccator was expected to remove trapped air bubbles. The 
recordings were performed in 1 M KCl, -2 V. 

 

 

 

 

 

 

 

 

 

 

Figure B.7: Control experiments with an unmodified silicon nitride nanopore in 1 M KCl, 
1 M KBr and 1 M KI. This pore had an opening diameter of 5 nm. 
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Figure B.8: Current-voltage curves in 1 M KCl for a 22 nm diameter nanopore modified 
first with PAH and subsequently with polyglutamic acid (PGA). Note that after PGA 
modification, positive currents were larger than negative currents. This pore was very 
stable, and the error bars are smaller than the data points. 
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Figure B.9: Ion current recordings for a nanopore that was originally 12 nm in diameter 
and subjected to poly(allylamine hydrochloride), hydrophobic silanes, and polyglutamic 
acid modifications. Recordings in 1 M KCl, 1 M NaCl, 1 M LiCl, and 1 M KI are shown. 
(A) Current-voltage curves and (B) magnitude of ion current at +2 V for all salts. Panel 
(B) also contains recordings in KBr. The error bars are standard deviations of ion current 
recordings for each voltage. 
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Figure B.10: Ion current recordings for a 100 nm diameter nanopore in (A) 1 M and (B) 
100 mM KCl. The pore was subjected to PAH and hydrophobic silanization modifications. 

 

 

 

 

Figure B.11: (Left panel) Ion distribution along the direction perpendicular to the surface. 
(Right panel) An illustration demonstrating the separation between the silicon surface and 
aqueous solution composed of water and ions; the separation is due to the presence of 
silanes. 
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Figure B.12: Anion distributions in KCl and KI solutions along the direction perpendicular 
to the surface. (A) The Si(111) surfaces functionalized with silane groups at 50% surface 
coverage. (B) Graphene surfaces with no functional groups. The force field and simulation 
protocols are the same for graphene and functionalized surfaces. The simulation box is 
reduced to half in the direction perpendicular to the surface for the 50% surface coverage 
and graphene surfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.13: The distribution of Cl-, Br-, and I- anions along the direction perpendicular to 
the surface, as obtained from the MD simulations with the electronic continuum correction 
(ECC) approximation.  
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Figure B.14: Current-voltage curves of a nanopore before and after symmetric silanization 
in 1 M KCl aqueous solution. This pore was prior open for ionic transport by submerging 
it in ethanol and measuring current-voltages curves in 1 M KCl solution prepared in 50% 
water and 50% ethanol. The opening diameter of an as prepared nanopore was 27 nm. 
Symmetric silanization decreased the pore opening to 18 nm indicating the thickness of 
the silane layer is ~5 nm. The diameter of the silanized nanopore was calculated 
assuming the modification also led to increased pore length, as described in Ref. [189]. 
Note, the sizing of the pore before and after modification is based on voltage range 
between -0.1 V and +0.1 V where the current-voltage curves are most linear. 
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Chapter 6: Rectified and Salt Concentration Dependent 

Wetting of Hydrophobic Nanopores 

 

 

 

 

Modeling figures and discussion used with permission from 

Fikret Aydin 

Theoretical figures and discussion used with permission from 

Pedro de Souza 
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The previous chapter details ion transport results for nanopores containing a 

hydrophobic/hydrophilic junction and modeling results for a nanoconfined hydrophobic 

interface. The work shines light on the missing components of an EDL description for a 

hydrophobic surface. The classic EDL description treats ions of the same charge 

identically, and does not differentiate between large, polarizable ions, and small, hard 

ions. However, our work has shown that this description cannot be used to describe 

hydrophobic surfaces, and the difference in distribution between iodide and chloride ions 

has stark consequences when used in nanoconfined systems. The enhanced iodide 

density near hydrophobic surfaces was shown to drive ion transport through a nanopore 

containing a hydrophobic/hydrophilic junction. The ion transport was also gated by the 

electric field polarity, with negative fields more easily wetting nanopore devices. These 

conclusions point to the importance of local ion concentration on wetting hydrophobic 

nanopores. What remains missing, however, is how bulk ion concentration can influence 

gating in hydrophobic nanopores. What is especially interesting is bulk surface tension 

trends predict that larger electrolyte concentrations have higher surface tension, and thus 

would be more difficult to wet a hydrophobic nanopore. In this chapter, we explore the 

role of electrolyte concentration on wetting behaviors in our hydrophobic/hydrophilic 

nanopore system. Herein we show a hydrophobic nanopore system whose wetting and 

ability to transport water and ions is rectified and can be controlled with salt concentration. 

The nanopore we examine contains a similar hydrophobic/hydrophilic junction as the 

device in the previous chapter. The nanopore devices are closed for transport at low salt 

concentrations and exhibit finite current only when the concentration reaches a threshold 

value that is dependent on the pore’s opening diameter, voltage polarity and magnitude, 
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and type of electrolyte. The smallest nanopore studied for this project had a 4 nm diameter 

and did not open for ionic transport in any concentration of KCl or KI examined. A 12 nm 

nanopore was closed for all KCl solutions but conducted current in KI at concentrations 

above 100 mM for negative voltages and opened for both voltage polarities above 500 

mM KI. Nanopores with a hydrophobic/hydrophilic junction can thus function as water and 

ionic diodes, such that one can identify a range of salt concentrations where the pores 

transport water and ions for only one voltage polarity. Molecular dynamics simulations in 

conjunction with continuum electrowetting models provided a multi-scale explanation of 

the observed phenomena and linked the salt concentration dependence of wetting with 

an electrowetting model. Results presented in this chapter are crucial for designing next-

generation chemical and ionic separation devices, as well as understanding fundamental 

properties of hydrophobic interfaces under nanoconfinement. 

Introduction 

 Hydrophobic interactions under nano-constriction, such as in nanopores, have 

shown to control transport of water and all dissolved species.74,152,204,214 If a pore wall is 

lined with hydrophobic groups, in the absence of any external stimuli, such as pressure 

or voltage difference, the pore will be filled with water vapor even if in contact with a salt 

solution.150,170,172,204 As the voltage or pressure is gradually increased, the solution will 

enter the pore only once a threshold stimulus magnitude is reached.170,177,180,215 A 

hydrophobic nanopore is therefore an ideal valve that stops all transport, including 

diffusion, in the absence of stimuli or presence of sub-threshold magnitude stimulus. 

Importantly, a hydrophobic nanopore in a wetted state can undergo reversible dewetting 

once a pressure difference or voltage is decreased or switched off entirely.150,170,215  
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The possibility of controlling transport in hydrophobic nanopores by electric field is 

especially exciting. Applying an electric field does not necessitate mechanical 

strengthening of the pore membrane. Consequently, hydrophobic gating can be achieved 

even in thin, fragile systems including channels in a cell membrane.152,215 In addition, the 

transmembrane current magnitude is a direct indication of the pore’s wetted or dewetted 

state and allows one to probe the nanoscale wetting - dewetting transitions occurring 

within the pore.170,172 A dewetted state is observed as negligible current; finite current can 

only be measured if there is a continuous column of electrolyte along the whole pore 

length, indicating wetting. Switching between the closed (nearly zero current) and open 

(finite current) states of a pore is called hydrophobic gating. Wetting of hydrophobic 

nanopores with electric field was explained to occur through alignment of water dipoles 

that in turns leads to lowering the interfacial surface tension and finally wetting.176,183 

Electrostriction was another effect shown to be important in wetting hydrophobic 

nanopores.180,216 Hydrophobic gating with voltage has been demonstrated for biological 

channels152 as well as synthetic polymer170 and solid state nanopores.172,217  

Recent work demonstrated that hydrophobic gating can also be controlled by 

placing charged chemical groups in the vicinity of the pore’s hydrophobic zone. In one 

study, a few charged amino acids present in a model protein nanopore derived from the 

5-HT3 receptor made the pore’s hydrophobic gating asymmetric with respect to voltage 

polarity.215 When the external voltage had the same polarity as the intrinsic potential 

difference induced by the charged amino acids, the pore wetting occurred at lower electric 

field magnitudes compared to the opposite voltage polarity. Another nanopore system 

where hydrophobic interactions and gating were modulated by the presence of charged 
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groups was created in silicon nitride films.217 One entrance of the silicon nitride pore 

contained highly hydrophobic groups, while the other opening was modified with a 

positively charged polyelectrolyte. In 1 M KCl, the nanopore was nearly completely closed 

for positive voltages, but opened up for transport at sufficiently high magnitudes of 

negative voltages.217 Voltage polarity dependent wetting was also seen in conically 

shaped polyethylene terephthalate nanopores after modifying their carboxylated surface 

with long hydrocarbon chains.171 The position and density of the hydrophobic 

modifications were not, however, controlled, and the polymer walls remained overall 

hydrophilic, with contact angle below 90 degrees. 

The prospect of tuning transport properties of hydrophobic nanopores by 

placement of surface charges brought another interesting opportunity to control 

hydrophobic gating with ion concentrations. As the salt concentration decreases, the local 

electric field that originates from the pore’s surface charges is finite over larger distances 

from the surface. Consequently, one could hypothesize that less concentrated solutions 

could promote wetting, since surface-effects are encompassing more of the pore’s cross-

sectional area. The dependence of liquid-vapor interfacial tension on salt concentration 

would also suggest that a smaller external stimulus is required to wet a hydrophobic 

nanopore in contact with a less concentrated solution compared to the same pore in 

contact with a more concentrated solution.177,218 Interestingly, the conical nanopore 

system modified with hydrophobic hydrocarbon chains  was more likely to wet in higher 

salt concentrations.171 Since the modified polymer walls exhibited contact angle below 90 

degrees, the observed salt dependence could not be only attributed to hydrophobic 

interactions. 
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In this chapter we examine the role of bulk ion concentration on wetting of silicon 

nitride nanopores containing a hydrophobic/hydrophilic junction. Nanopores with opening 

diameters between 4 and ~20 nm were fabricated by electron-beam drilling in a 

transmission electron microscope (TEM).189,219 One entrance of the pore was modified 

with fluorinated alkyl chains while the other opening was modified with amines. The pores 

were examined in a wide range of concentrations of two salts, KCl and KI. We found that 

the wetting transition was promoted by an increase in electrolyte concentration. The 

dependence of the dewetted – wetted transition on ionic concentration was especially 

clear in solutions of KI. The experimental results are explained by molecular dynamics 

(MD) simulations that revealed voltage-polarity and salt concentration dependent water 

and ionic concentrations at the hydrophobic/hydrophilic junction. Accumulation of ions in 

both the hydrophobic and the hydrophilic zones of the nanopore was found to promote 

wetting. A continuum theory was subsequently applied and utilized ionic concentrations 

obtained from MD simulations. A physical model of a hydrophobic system was built that 

provides analytical equations to predict nanopore wetting as a function of applied voltage 

and salt concentration. 

Methods 

Materials 

The following reagents were purchased from the specified company and used as 

received: potassium chloride (KCl, 99.8%, Fisher Scientific), potassium iodide (KI, ≥99%, 

Fisher Scientific), tris(hydroxymethyl)aminomethane (Tris, 99.9%, Sigma-Aldrich), (3-

aminopropyl)trimethoxysilane (APTMS, 97%, Sigma-Aldrich), 1H,1H,2H,2H-

perfluorooctyltrichlorosilane (hydrophobic silane, 97%, Alfa Aesar), hydrogen peroxide 
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(H2O2, 30% w/w, Sigma-Aldrich), sulfuric acid (H2SO4, 95-98%, VWR). Milli-Q water (18.2 

MΩ) was used for all solutions. Nanopores were drilled in low-stress silicon nitride films 

(SiNx, 50 x 50 μm window, 30 ± 2 nm thick, Norcada). 

Nanopore fabrication and modification 

Single nanopores were drilled in silicon nitride films using a 200 kV electron beam 

in a JEOL 2100F TEM.189,219 Nanopores were fabricated by focusing the electron beam 

on a single spot for ~5 minutes. The silicon nitride films containing the drilled nanopore 

were then cleaned in piranha solution (3:1, H2SO4:H2O2) at 120 °C for 60 mins. Once 

cleaned, nanopores were asymmetrically modified with hydrophilic (bottom) and 

hydrophobic (top) silanes. First, the film was placed in a homemade polydimethylsiloxane 

(PDMS) conductivity cell and the bottom of the cell was filled with a 1% solution of APTMS 

in ethanol while the top contained pure ethanol (Figure C.1a).220 The film was exposed to 

the APTMS solution for 30 minutes before being rinsed with copious amounts of pure 

ethanol and subsequently heated at 70 °C for 60 minutes. Asymmetric modification with 

APTMS was confirmed by a decrease in transmembrane current and appearance of ion 

current rectification.217 The film was dried and any residual salt was removed by 

submerging first in Milli-Q water followed by ethanol and finally toluene before letting the 

film air dry. Once dry, the top of the film was exposed to a 0.2% solution of 1H,1H,2H,2H-

perfluorooctyltrichlorosilane in toluene for 5 minutes while the bottom was in contact with 

pure toluene (Figure C.1b). The film was then rinsed in ethanol and heated at 120 °C for 

30 minutes.217 Hydrophobic silane modification was confirmed by closed state of the 

pores at low voltages in KCl solutions.  
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To estimate the thickness of the modification we analyzed current-voltage curves 

of all nanopores before and after the APTMS modification, thus in conditions when the 

pore could be assumed entirely wet. The values we received ranged from ~2 nm for the 

smallest pores (4 nm) to 5 nm for the largest pore (19 nm x 7 nm). The smaller thickness 

of the attached silane layer in the smaller pore can stem from the hindered access of the 

reagents to the nanopore. 

Electrochemical measurements 

Ion-current measurements were performed with a patch-clamp amplifier Axopatch 

200B and Digidata 1322A (Molecular Devices, Inc.). Transmembrane voltage was swept 

from -2 to +2 V in 200 mV steps with a sampling frequency of 10 kHz. Each voltage was 

held for 50-100 seconds, with reported values as averages and standard deviations of 

the time series for the forward sweep, omitting the first and last 5-10 seconds of each 

step. To calculate pore opening probability (POP), the total time the pore conducted 

current was divided by the examined scan time (35 or 85 seconds, depending on the total 

scan time).215 Threshold current for pore conductance was defined as 6 times the 

standard deviation of the current at 0 V. Current-time sweeps were analyzed with the 

event detection program in Clampfit. All events were inspected, with errors and false 

positives removed by hand. Discretization of the current-time curves was performed by 

assigning a 1 or 0 to current values based on the threshold current described above. 

Pellet Ag/AgCl electrodes (A-M Systems) were utilized for all electrochemical 

measurements, with the working and ground electrodes on the hydrophilic (bottom) and 

hydrophobic (top) sides of the film, respectively. Stock salt solutions (1 and 2 M) were 
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prepared with 10 mM Tris buffer and adjusted to pH 8 before diluting to desired 

concentration. 

Contact angle measurements 

Contact angle measurements were performed at room temperature with a 

homemade imaging setup. Two samples were investigated: unmodified and 

hydrophobically modified SiNx membranes. Contact angle measurements were 

performed with 2 μL drops of the indicated solution, and contact angles for the two 

membranes were measured for each solution used in the ion transport experiments. 

Membranes were washed with Milli-Q water between each measurement. Images were 

captured on a Nikon D5200 camera outfitted with an Infinity Photo-Optical Model K2 

DistaMax Long-Distance Microscope. Contact angle values were calculated using the 

ImageJ Contact Angle plugin by M. Brugnara. In addition, water contact angle 

measurements of SiNx membranes that were first modified with APTMS and subsequently 

modified with three different concentrations of the hydrophobic silane were collected. 

These contact angle experiments for double layered SiNx membranes were performed on 

a Kruss DSA30. 

Molecular dynamics simulations 

Classical molecular dynamics (MD) simulations were carried out using the 

LAMMPS simulation package.221 Our simulation models consist of a slit pore made of 

graphene layers and a chloride or iodide aqueous solution with potassium used as the 

counter ion. The pores size is 1.5 nm, which is defined as the distance between the 

center-of-mass of adjacent graphene layers, and the lateral dimension of the pore is 3.1 

nm x 3.3 nm. To mimic the hydrophobic/hydrophilic junction in the experimental system, 
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half of the pore is made hydrophobic by changing the depth of the potential well of 

Lennard-Jones interactions, and the other half is made hydrophilic by adding a positive 

charge of 0.012e to each carbon atom. In this way, ion/water-surface chemistry 

interactions are implicitly captured in the MD simulations. Similar modifications were 

applied in the previous studies. For example, carbon nanotubes were made more 

hydrophilic by changing the LJ parameters of CNT.222 The atoms of the slit pore structure 

are kept rigid, and their positions are constrained to prevent rigid-body translation of the 

pore structure during the simulations. We note that the slit opening and length of the pore 

modeled is an order of magnitude smaller than the pores probed experimentally. This is 

done to make the modeling tractable and amenable to probing different conditions. We 

expected these smaller pores to wet in the simulations, as their reduced length was 

previously shown to facilitate wetting.223 Thus, the smaller slit pore could qualitatively 

describe physical phenomena occurring in a pore containing a hydrophobic/hydrophilic 

junction that we studied experimentally. 

The system was solvated by TIP3P water molecules,224 where hydrogen-oxygen 

bonds were constrained using the SHAKE algorithm. The ions described by OPLS-AA 

force fields197 were added to obtain a concentration of either 0.1 M or 1 M. The long-range 

electrostatic interactions were solved using particle particle-mesh method.197 The 

systems were first energy minimized and then equilibrated under the NPT ensemble by 

the Berendsen barostat.199 The production runs spanning 16 ns were performed under 

the NVT ensemble by the Nosé-Hoover thermostat110 maintaining the temperature at 

298.15 K.  
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Results and Discussion 

Voltage-gating of nanopores with a hydrophobic/hydrophilic junction 

 Nanopores used in this manuscript were prepared by electron beam drilling in a 

transmission electron microscope,189,219 and their diameters were measured immediately 

after fabrication. The nanopores were subsequently subjected to a two-step chemical 

modification that introduced a junction between a hydrophilic zone and a hydrophobic 

zone (Figure 6.1a). Our earlier work showed that nanopores containing such a junction 

exhibited hydrophobic gating and could open for ionic transport with applied voltage.217 

Nanopores with a hydrophobic/hydrophilic junction were used here to understand the role 

of ionic concentration and type of salt on the voltage-induced wetting and hydrophobic 

gating. 
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Figure 6.1: Preparation and performance of a nanopore with a hydrophobic/hydrophilic 
junction. (a) Nanopore scheme, with electrode (W = working; G = ground) placement as 
indicated. Nanopores were subjected to two asymmetric modifications, creating a junction 
between hydrophobic (perfluorooctyl) and hydrophilic (aminopropyl) silanes. Note that the 
transition between these two zones is expected to be gradual and located close to one 
pore opening. The junction location was estimated based on contact angle measurements 
of planar surfaces modified with gradually decreasing concentration of the hydrophobic 
silane. (b) Current-voltage curves in 1 M KCl for a 12 nm diameter nanopore as prepared 
(black squares), after APTMS modification (red circles), and after modification with 
hydrophobic silanes (blue triangles); the pore was prepared in a 30 nm thick SiNx chip. 
(c) TEM image of the 12 nm diameter nanopore as drilled. (d, e) Current-voltage curves 
in a range of KCl (d) and KI (e) concentrations for the 12 nm pore after the two chemical 
modifications. The current-voltage curves in panels (b), (d), and (e) were obtained by 
averaging ion current signals recorded at each voltage for 50 or 100 s. Error bars were 
calculated by standard deviations of ion current signals during recording.  
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To introduce the hydrophobic/hydrophilic junction in a nanopore, a silicon nitride 

chip with a drilled nanopore was first subjected to asymmetric modification with an amino 

silane (APTMS, shown in Figure 6.1a). To this end, one side of the membrane was in 

contact with the silane solution, while the other side was in contact with the solvent. This 

procedure is expected to modify only part of the pore walls since we created two boundary 

conditions with one pore entrance in contact with the bulk APTMS concentration, and the 

other with zero APTMS concentration (Figure C.1a). Assuming a cylindrical shape of the 

pore, the profile of the silane concentration in the pore is linear,225 suggesting that there 

might be a density gradient of the attached amines along the pore length. Limiting the 

amination to only a fraction of the walls was, however, assured by the choice of incubation 

time and APTMS concentration. Previous work on modifications with a similar silane, (3-

aminopropyl)triethoxysilane (APTES), showed that for the same incubation time we used 

(30 min), ten times lower silane concentration led to minimal modification.226 We therefore 

expect that at least 20% of the pore walls will have minimal amine coverage. Presence of 

a junction between modified and unmodified zones of the pore walls was confirmed by 

recording rectified current-voltage curves in 1 M KCl at pH 8. The positively charged 

amino groups and the negatively charged, unmodified silanol groups create asymmetric 

surface charge distribution within the nanopore, leading to ion current rectification such 

that current values for negative voltages were greater than for positive voltages (Figure 

6.1b).79  

The second and final modification step was aimed at the attachment of 

hydrophobic groups to the opposite side of the membrane. To this end, 1H,1H,2H,2H-

perfluorooctyltrichlorosilane was placed in contact with the pore opening that in the 
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amination step was only exposed to the solvent (Figure C.1b). Successful attachment of 

this silane was confirmed by measuring a contact angle of 110 degrees for the modified 

chip.217 Attachment of the hydrophobic silanes is also evidenced by current-voltage 

recordings, because the hydrophobic silane modification would leave the pore in its 

dewetted state and the resulting ion current in 1 M KCl would be nearly zero for all 

voltages (Figure 6.1b). In order to probe the depth of the 1H,1H,2H,2H-

perfluorooctyltrichlorosilane attachment, we modeled the conditions of the modification 

on a series of planar SiNx surfaces. Note that in this modification, the side of the 

membrane that was not modified with amines in the prior modification was now in contact 

with the hydrophobic silane, while the fully aminated end would be in contact with a much 

lower concentration of the hydrophobic silane (Figure C.1b). Therefore, we modified a 

series of SiNx chips first with APTMS at the same bulk concentration as used before (1%), 

followed by modification with 1H,1H,2H,2H-perfluorooctyltrichlorosilane at the original 

bulk concentration, and concentrations diminished to 25% and 10% of the bulk. Water 

contact angle measurements of the chips were then performed. The results indicated that 

even the lowest concentration considered led to a contact angle of 110 degrees, which is 

comparable to the surface modified with the maximum concentration. We concluded that 

the hydrophobic silane could attach to the aminated surface, and the hydrophobic 

modification extends through most of the pore wall. Consequently, the 

hydrophobic/hydrophilic junction is expected to be present close to one pore opening 

(Figure 6.1a).   

Such hydrophilic/hydrophobic nanopores were subsequently tested for their ion 

transport properties in a wide range of KCl and KI concentrations between 1 and 2000 
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mM. Ion currents were recorded in the voltage range between -2 and +2 V. Time series 

of ion current at each voltage were averaged to obtain current-voltage curves. Figure 

6.1d,e summarizes current-voltage curves for the 12 nm diameter nanopore shown in 

Figure 6.1c. In KCl this pore remained predominantly closed for all concentrations and 

voltages and underwent gradual opening in a voltage-dependent manner only when 

subjected to increasing concentrations of KI. The non-conductive state observed in ion-

current measurements of KCl indicates that the pore was not entirely filled with liquid 

water, and thus closed.170,215,217 Based on previous work,150,152,170,183,215,217 we believe 

that when the pore was closed, a zone of water vapor existed in its cross-section, 

preventing transport of liquid water and ions. On the other hand, recording finite ion 

current was only possible if there was a continuous column of water along the entire pore 

length. In 1 mM KI no measurable current was observed for any voltage polarity, 

suggesting the pore was at least partly dewetted. At 10 mM KI, the pore began opening 

for ion transport and conducted finite current for negative voltages equal and larger in 

magnitude than -1.4 V. For 100 mM KI, the pore conducted finite ion current for all 

negative voltages but remained closed at positive voltages. Only when the KI 

concentration was increased to 500 mM did the pore become conductive for both positive 

and negative voltages. Note that for negative voltages, currents recorded in 1 M KI are 

larger than currents in 2 M KI. We believe this effect could stem from a stronger screening 

of charges in the higher concentration that weakens the enhancement of ionic 

concentrations within the pore and is responsible for the nonlinear current increase with 

negative voltage.77,79,227–229 The current for positive voltages, on the other hand, follows 

the expected dependence on salt concentration, with 2 M KI producing the largest current. 
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The difference in the concentration dependence of ion current for negative and positive 

voltages can be understood through the rectifying properties of this pore. In rectifying 

nanopores, the voltage polarity that produces lower currents, positive voltages in our 

case, leads to a depletion zone of ions in the pore.69,227 However, with the increase of salt 

concentration, the surface charges are more screened and more ions reside in the pore, 

thus preventing the depletion zone from completely developing in higher salt 

concentration solutions. The resulting current-voltage response follows bulk solution 

conductivity trends.  

The differences in ion transport properties for KCl and KI solutions are unique to 

nanopores that were subjected to two asymmetric modifications, first with APTMS, 

followed by modification with 1H,1H,2H,2H-perfluorooctyltrichlorosilane, as described 

above. As prepared nanopores217 as well as nanopores entirely modified with APTMS 

(Figure C.2) were open for ionic transport in both KCl and KI, and produced nearly 

identical, linear current-voltage curves in the two salts. These results agree with the salts’ 

nearly identical bulk conductivities. Moreover, nanopores that were modified 

symmetrically with the hydrophobic silane did not open for transport with external voltage 

either in KCl or KI.217 The clearly distinct transport properties of the asymmetrically 

modified nanopores provide additional evidence for the existence of a junction between 

aminated and hydrophobic zones of the pore walls. 

The more conductive nature of hydrophobic nanopores in KI versus KCl aqueous 

solutions agrees with our earlier molecular dynamics results that revealed accumulation 

of large, polarizable ions, such as iodide, on the hydrophobic pore walls.217 The 

accumulation of iodide on hydrophobic surfaces was postulated to facilitate pore wetting 
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but it cannot, however, explain the concentration dependence of the pore wetting, 

reported here. As shown in Figure 6.1, the nanopores were more likely to open for ionic 

transport in higher salt concentrations than at lower salt concentrations. As surface 

tension of a water-air interface exhibits a weak increase with the increase of salt 

concentration,218 an analysis based on surface tension alone would actually predict only 

a weak and possibly opposite effect of ionic strength on pore wetting to what we are 

reporting here.218 In addition, the contact angle of the hydrophobic surface probed here 

did not show an obvious dependence on the salt concentration of either KCl or KI (Table 

C.T1).  

Analysis of ion current time series and hydrophobic gating 

 To visualize the voltage-induced wetting of nanopores and to facilitate comparison 

of recordings at different salt concentrations, we carefully analyzed the ion current time 

series. Nanopores studied here had opening diameters below 20 nm and were found to 

exhibit spontaneous switching between non-conductive and conductive states, even at a 

constant voltage (see example in Figure 6.2). We changed the raw current recordings 

into a dichotomous, two-state signal consisting of level 0, the closed state with no current, 

and level 1, the open state with finite current.215 A nanopore was considered 

conductive/open for ionic transport if the ion current signal was larger than 6 times the 

standard deviation of the current signal at 0 V.  At each voltage we determined the fraction 

of the recording a nanopore spent in its conductive, {1}, state, and this fraction became 

our measure of the pore opening probability (POP).215 This analysis allowed us to find the 

dependence of pore wetting on ionic concentration, applied voltage, and pore diameter.  
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Figure 6.2: Recording of ion current time series for the pore shown in Figure 6.3d for 500 
mM KI at -2 V. The experimental data displayed in black is discretized into {0, 1} states 
indicating closed and open states of the pore, shown in magenta. The pore opening 
probability for this voltage was 0.2. 

 

Note that before the nanopore in Figure 6.2 reached a long-lasting open state at 

the end of the recording, there were brief bursts of finite current separated by seconds-

long periods with zero current. The long duration of the closed state suggests that the air 

bubbles created in the nanoscopic system can be very stable, in agreement with previous 

results,230 as discussed in the modeling section below. The opening of the nanopore at 

~38 s indicates formation of a long open state, but as shown in Figure C.3, the 

subsequent sweep at –1.8 V started with the pore in a closed state again. These 

recordings demonstrate that the time scale of the hydrophobic gating spans many orders 

of magnitude, and more studies are needed to understand the origin of the short and long 

wetted and dewetted states. As described below, such gating exists right at the threshold 

voltage and concentration values. This is likely due to hydrophobic hysteresis,172,208,217 

where both states are metastable. 
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Figure 6.3 summarizes the pore opening probability of four nanopores with 

different opening diameters, all below 20 nm, as a function of salt concentration and 

voltage. The smallest nanopore we examined was 4 nm in diameter and did not open for 

ionic transport in either KCl or KI for any examined concentrations, as shown in Figure 

6.3a. We suspect that the voltage range of -2 to +2 V was insufficient to induce 

wetting.170,172,215 Another pore had a 6 nm diameter and remained closed in KCl but 

opened for ionic transport only in 2000 mM KI, the largest examined concentration, at 

negative voltages (Figure 6.3b). A POP analysis for the 12 nm diameter pore shown in 

Figure 6.1 confirmed its closed state for nearly all concentrations of KCl, and gradual 

opening with the increase of KI concentration (Figure 6.3c). Note: the 12 nm nanopore 

conducted finite current for both positive and negative voltages when the KI concentration 

reached 500 mM. Finally, the nanopore in Figure 6.3d was not circular and measured 19 

x 7 nm. The oblong shape of this pore resulted from a slight drift of the e-beam in the 

TEM while drilling. In KCl, this pore remained mostly closed, except for 500 mM and 2000 

mM at high negative voltages. In KI on the other hand, the pore was closed for all voltages 

at concentrations ≤ 100 mM and started to conduct current at negative voltages for KI 

concentrations ≥ 500 mM. As the concentration increased from 500 to 2000 mM, the pore 

transported ion current for a wider range of negative voltages, qualitatively following the 

same trend as the pores in Figure 6.3b,c. Higher KI concentrations lowered the threshold 

voltages required to open the pore, decreasing from -1.4 V for 500 mM to -0.8 V for 2000 

mM. The 19 x 7 nm oblong nanopore did not open for ion transport at positive voltages, 

most likely due to one of its axes measuring below 10 nm. Note: the sub-10 nm pores in 

Figure 6.3a,b indeed did not conduct current at positive voltages for either electrolyte. 
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The presence of the larger axis, however, made the pores conductive in lower magnitudes 

of negative voltages, compared to sub-10 nm circular nanopores. Thus, transport 

properties of oblong nanopores are determined by both axes. 

Similar to the existence of a pore diameter and voltage threshold, there also seems 

to be a concentration threshold at which a pore begins to open. For nanopores with an 

opening above 10 nm (Figure 6.3c,d), the threshold concentration was between 10 and 

500 mM. Abrupt current spikes, seen in Figures 6.2, 6.4d, were observed for intermediate 

concentrations and voltages, where the pore underwent intermittent wetting and 

dewetting. These conditions yielded pore opening probabilities in the 25-75% range. 
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Figure 6.3: Pore opening probability for nanopores in a wide range of KCl and KI 
concentrations. (a-e) TEM images of as prepared pores are shown on the left. The middle 
and right-hand side panels show data for KCl and KI, respectively. 

 

The ability to control gating with ionic concentrations is especially evident when 

examining the dichotomous current-time graphs recorded for the same voltage but 

different salt concentrations (Figure 6.4). All current-time graphs in Figure 6.4 were 

recorded at -2 V in KI for the nanopore shown in Figures 6.2, 6.3d. For 1-100 mM, the 

current never reached past the threshold required to be conductive (Figure 6.4a-c). At 

500 mM (Figure 6.4d), there were a few short bursts of current followed by a continuous 

opening towards the end of the sweep. Finally, recordings at 1000 mM and 2000 mM KI 

(Figure 6.4e,f) revealed continuous conductance of the oblong nanopore (Figure 6.3d). 

These six sweeps show that the salt concentration plays an important role in the pore 

wetting, with intermediate concentrations displaying unstable conductance.  
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Figure 6.4: Time resolved recordings of ion current for the nanopore shown in Figure 6.3d 
at -2 V for six different KI concentrations, as indicated in panels (a-f). 
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Another striking feature of the recordings shown in Figures 6.1, 6.3 is the ability for 

nanopores with a hydrophobic/hydrophilic junction to function as a diode for water and all 

dissolved ions, such that transport is allowed mostly at negative voltages. A similar 

asymmetric voltage response was observed earlier only in KCl with nanopores that were 

few tens of nanometers in diameter and contained such a hydrophobic/hydrophilic 

junction.217 The voltage polarity (negative) that promoted pore opening was determined 

by the migration direction of counterions (anions) in the positively charged hydrophilic 

zone. Pores would conduct ionic transport for the voltage polarity that sourced 

counterions from the reservoir in contact with the hydrophilic zone. In the system 

presented here, for negative voltages that facilitate wetting, anions are indeed sourced 

from the pore entrance decorated with APTMS and transported towards the hydrophobic 

entrance. In addition, the hydrophobic/hydrophilic nanopores shown here are conductive 

only after a threshold voltage and threshold concentration of KCl or KI was reached. The 

two stimuli – voltage and electrolyte concentration – work synergistically. As the salt 

concentration increased, the pores exhibited lower threshold wetting voltages for negative 

polarity and were more likely to open at positive voltages. All these observations provide 

strong evidence that salt concentration and pore opening probability are directly related. 

The possibility of controlling the wetting-dewetting transition in nanopores with salt 

concentration, ion type, and applied voltage is modeled below by molecular dynamics 

simulations as well as using a mechanistic approach involving the existence of air bubbles 

and electrowetting. The molecular dynamics approach provides an atomistic insight into 

pore wetting and dewetting at different experimental conditions, while the continuum 

model, infra vide, considers the energy associated with the ionic adsorption and charging. 
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The model predicts that wetting is indeed facilitated by the increase of ionic concentration 

that leads to adsorption of ions to the surface and lowering of the effective solid-liquid 

interfacial tension. 

Molecular dynamics simulations of nanopores with a hydrophobic/hydrophilic 

junction 

Molecular dynamics simulations of a model system were carried out to provide 

insights into the mechanism for how ion concentration and applied potentials promote 

wetting of nanopores with a hydrophobic/hydrophilic junction. We considered a 1.5 nm 

wide and 3.1 nm long slit pore made of hydrophobic graphene layers. Half remained 

uncharged and hydrophobic, and the other were assigned net positive charge (Figure 

6.5a). This model system allowed us to probe the importance of the junction between two 

zones with dissimilar chemical properties without considering its exact position in the 

pore. To explore the effect of applied voltages, electric fields with different magnitudes 

and polarities were applied across the model nanopore. We considered electric fields of 

0.005 and 0.008 V/Å, as they are comparable to experimental conditions. We note that 

0.005 V/Å is equivalent to a 1.4 V potential across a 30 nm thick film, which was often 

insufficient to lead to pore wetting (Figure 6.3). On the other hand, 0.008 V/Å represents 

the maximum voltage employed experimentally (2 V). Herein, the two electric fields will 

be called low and high, respectively. The simulations were performed in 1 M and 0.1 M 

solutions of KI and KCl. 

We first considered the hydrophobic region of the model nanopore that determines 

when the transport of ions can occur. Our simulations showed that the nanopore was not 

wetted at the low electric field, regardless of the ion type, electric field polarity, or salt 
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concentration. On the other hand, at the high electric field (0.008 V/Å) and 1 M KI, the 

pore was filled with water and became conductive only at negative potentials; the same 

nanopore remained closed at 1 M KCl (Figure C.4, Figure 6.5b top panel). The salt 

dependence could be explained by the weaker solvation shell of iodide ions that enable 

their accumulation on the hydrophobic surface, as reported by us before,217 as well as 

their accumulation near the water-vacuum interface (Table C.T2). The simulations also 

reproduced experimentally observed dependence of the nanopore wetting on salt 

concentration. At the high electric field, when the KI concentration was lowered to 0.1 M, 

the nanopore did not open for ionic transport in either salt (Figure 6.5c top panel, Figure 

C.4). Overall, these observations are consistent with experimental findings shown in 

Figures 6.1, 6.3. Furthermore, the analysis provides a more detailed understanding of the 

wetting process; for example, the simulations indicate that the hydrophobic region is first 

filled with water molecules, followed by the influx of ions that occurs within a timescale of 

a fraction of ns (Figure 6.5a middle panel, and Figure 6.5b top panel). Similar behavior 

has been observed for biological hydrophobic pores.183 

To further understand the effect of ion concentration on nanopore wetting, we also 

calculated the number of water molecules and ions in the hydrophilic region of the pore 

(Figure 6.5b,c, lower panels, Figures C.5, C.6). As expected, the hydrophilic zone is filled 

with water in all conditions (Figure C.6), confirming that the transport properties of the 

nanopore are dominated by the state of the hydrophobic zone. The modeling also 

confirmed anion selectivity of this region, especially pronounced in 0.1 M KCl and KI as 

well as in all 1 M conditions when the pore was not wet. The anion selectivity decreased 

in 1 M KI when the pore wetted, as evidenced by the nearly identical number of potassium 
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and iodide ions only after ~8 ns at -0.008 V/Å (Figure 6.5b, lower panel). These results 

allowed us to conclude that concentrations of ions in the hydrophobic and hydrophilic 

region are coupled, and the pore wetting is facilitated by increased ionic concentrations 

in both regions of the nanopore.   

 

 

Figure 6.5: Molecular dynamic simulation results for a hydrophobic/hydrophilic nanopore 
model. (a) Simulation snapshots showing different stages of pore wetting in 1 M KI salt 
solution and at a negative electric field of 0.008 V/Å. Areas encircled by yellow and cyan 
lines correspond to hydrophobic and hydrophilic regions of the pore, respectively. (b, c) 
Number of water molecules, potassium, and iodide ions in the hydrophobic (top panels) 
and hydrophilic (bottom panels) regions of the pore as a function of time for (b) 1 M KI 
and E = -0.008 V/Å and (c) 0.1 M KI and E = -0.008 V/Å. 
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Finally, we also investigated the stages of pore wetting by examining snapshots 

from the simulations (Figure 6.5a). First, a short string of water molecules was 

instantaneously formed from the bulk solution. This was followed by connecting two such 

strings of water molecules that were initiated from both sides of the hydrophobic region. 

The connected string of water molecules was found to grow with time to finally fill up the 

entire hydrophobic region of the pore. We also looked at the molecular details of the 

inverse process of dewetting observed in Figure 6.5b at ~13 ns. The region filled with 

water was found to shrink with time and eventually strings of water molecules were 

completely disconnected so that the pore became fully dewetted (Figure C.7). 

In summary, the molecular dynamics simulations revealed voltage and 

concentration-controlled wetting of a nanopore with a hydrophobic/hydrophilic junction. 

The large number of ions present in the hydrophilic region at high bulk concentrations 

likely causes disruption of the hydrogen bond network and facilitates pore wetting by 

enabling formation of water strings from the bulk solution. The simulations also suggest 

that formation of the water strings is further facilitated by the weaker solvation shell of 

iodide ions, as the water-water interactions are destabilized due to the accumulation of 

the iodide ions at the hydrophobic surface. These results provide explanation for the 

experimentally observed anion-dependent wetting of the pores.  

The modeling also confirmed that the hydrophobic/hydrophilic junction is crucial 

for breaking symmetry of the system and the diode-like behavior of these pores. In an 

entirely hydrophobic pore, ionic concentrations are not expected to be dependent on the 

pore axial position.217 Thus, the diode-like behavior and controllable gating is dependent 
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on the presence of a hydrophobic/hydrophilic junction. The importance of contrasting 

hydrophobic/hydrophilic properties of two pore entrances for electric field induced wetting 

was already suggested by earlier studies with a protein nanopore derived from the 5-HT3 

receptor.215 The biological structure contained charges near one opening, which did not 

induce as such a striking rectifying behavior as in the nanopores presented here but was 

sufficient to result in voltage polarity dependent wetting. For the next step, we developed 

a continuum model to provide an analytical formula describing the influence of ionic 

concentrations and voltage on wetting. 

Description of nanopore wetting using an electrowetting model 

 The position dependent ionic concentrations found through MD modeling shown 

here and in Ref. [217] were subsequently used to provide a continuum model of the 

wetting process as well as analytical equations that predict wetting conditions. To 

qualitatively explain the dependence of nanopore wettability on salt concentration and 

voltage, we applied a continuum model of wettability including ionic surface adsorption, 

as described in Ref. [231] based on the thermodynamic analysis of double layer 

charging.232 Here, we compute the energy associated with the ionic adsorption and 

charging to determine the change in effective solid-liquid interfacial tension.  

While the interfacial tension is central in determining the wettability for macroscopic 

bubbles, bubbles at the nanoscale, such as those one might expect to exist 

encompassing and within the nanopores in our study, exhibit much more complex 

nanoscale physics,230 including contact line pinning, dynamic equilibrium, and surface 

heterogeneities. Therefore, we do not expect this model to give quantitatively exact 
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predictions of the bubble dynamics, but rather we use this model as a guide to understand 

the possible physics at play in the hydrophobic/hydrophilic system.  

Our wettability model is based on the approach presented in Ref. [231] that we 

extended to include the polarization of the membrane domain that is coupled to the double 

layers in the solution domains. Here, we solve for the electrostatic potential in the 

membrane and in the double layers at the membrane interfaces as first described in Ref. 

[233], then use that profile to compute the effective surface energy. The formulation 

assumes anion adsorption on the hydrophobic side of the membrane that varies as a 

function of the local anion concentration, while the surface charge on the hydrophilic side 

is assumed to be positive and constant. Note: the adsorption component allows us to take 

into account the differences in local concentrations of chloride and iodide ions at the 

hydrophobic surface/liquid interface, revealed by MD.217 To avoid the geometric 

complexity of the pore and its opening within the membrane, we focus our model on the 

wettability further away from the pore, where we can safely assume that the potential 

varies only in the normal direction to the membrane surface. Such an assumption would 

be relevant for regions near the contact line for large bubbles (large relative to the pore 

length scale) existing far from the pore entrance. Even though such a simplified geometry 

misses the detailed potential profile near the pore mouth and bubble interfaces, as well 

as the profile around the bubble corners,234 it provides an intuitive model to capture the 

role of ionic concentrations and voltage in wetting. A schematic of the continuum model 

is included in Figure 6.6a. Details of the theoretical basis and solution of the continuum 

model are presented in Appendix C. 



170 
 

The key parameters of the model include the anionic adsorption equilibrium 

constant, K, the thickness of the membrane, L, the Debye length, 𝜆𝐷, the salt 

concentration, 𝑐0, the applied electric potential difference Vapp, the number density of 

surface sites for anion adsorption, N, and the membrane and solution permittivities, 𝜖𝑚 

and 𝜖𝑤, respectively. As the anionic adsorption equilibrium constant decreases or the 

ionic concentration increases, the adsorption of ions to the surface is enhanced, leading 

to the increase in surface charge density. The higher surface adsorption gives two 

contributions that make wetting more favorable: (i) the electrostatic energy stored in the 

diffuse double layers and (ii) the energy of surface anion adsorption. As the applied 

voltage across the membrane increases, charge is stored across the polarizable 

membrane, providing a favorable contribution to wetting. Figure 6.6b shows the change 

in the effective surface energy as a function of the ionic concentration for different anion 

adsorption equilibrium constants and different applied voltages. The full set of nonlinear 

formulas for solid-liquid interfacial energy, Δ𝛾𝑠𝑙 , is shown in Appendix C.  

While the full theory requires the solution of a coupled set of nonlinear equations, 

we can also derive analytical, explicit solutions to the energy for the double layer 

assuming small surface potentials and a weakly polarizable membrane. The small surface 

potential relative to the thermal voltage leads to a constant capacitance in the double 

layers. The weakly polarizable membrane assumption, applicable due to the large 

thickness of the membrane relative to the Debye length and the membrane’s low dielectric 

constant relative to the solution, allows us to decouple the contributions to the energy 

from the membrane and the independent double layers. The various contributions from 
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the diffuse double layers, ionic adsorption on the hydrophobic side, and the membrane 

polarization can be assumed to act in an additive manner. 

For small surface potentials and weakly polarizable membranes, the contribution 

from the diffuse double layers to the solid-liquid interfacial energy, Δ𝛾𝑠𝑙 , is: 

Δ𝛾𝑠𝑙,𝑑𝑙 =  
𝜖𝑤
2𝜆𝐷

𝜁2 =  
𝑁2𝑒2𝑐0

2𝜆𝐷
2𝜖𝑤𝐾2

 (6.1) 

the contribution from the ionic adsorption is: 

Δ𝛾𝑠𝑙,𝑎𝑑𝑠 =  
𝑁 𝑘𝐵𝑇 𝑐0

𝐾
 (6.2) 

and the contribution from the membrane to the surface energy is: 

Δ𝛾𝑠𝑙,𝑚 =  
𝜖𝑚
2𝐿
𝑉𝑎𝑝𝑝
2  (6.3) 

where e is the elementary charge, and 𝜁 is the surface potential of the hydrophobic 

surface. Overall, since we assume a constant surface charge on the hydrophilic side of 

the membrane, and that the hydrophilic side remains wetted even when the hydrophobic 

side is dewetted, the change in the surface energy of the hydrophobic side due to the 

charge on the hydrophilic side is typically negligible in the model. 

The Eqs. 6.1 and 6.3 displayed above are direct analogues to the Lipmann 

equation of electrowetting, where the effective interfacial tension varies with the square 

of the applied potential. Clearly, there is a direct connection between the polarization 

across the membrane, as studied here, to the classical electrowetting problem, where the 

wettability of a droplet on an electrode surface is manipulated by an applied electrode 

potential.235 The experimental findings, in the context of the continuum model, suggest 
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that the electrowetting phenomenon can be extended to membrane systems to control 

the wettability of the pores. 

Based on these simplified formulas, we can directly observe that a decrease in the 

adsorption equilibrium constant, K, an increase in the ionic concentration, 𝑐0, and an 

increase in the applied electrode potential, Vapp, all lead to more wetting of the 

hydrophobic interface. The observed differences between the iodide and chloride salts 

may be explained by a difference in the adsorption equilibrium constant at the interfaces, 

as evidenced by differences in the extent of ionic adsorption of the different ions in MD 

simulations. Based on the model, iodide ions have a smaller equilibrium constant than 

chloride ions, leading to more adsorption and a greater change in the solid-liquid surface 

energy for iodide. The trend is fully supported by the nonlinear results in Figure 6.6b. 

While the model predictions exhibit a weak dependence on the applied voltage polarity, 

the model itself does not capture the local concentration changes within the pore, since 

the concentration within the pore is assumed to be voltage-independent. Qualitatively, if 

we take the concentration changes into account, the model predictions are consistent 

with the experimental voltage polarity dependence. Since negative voltages in our 

experimental setup increase local ionic concentrations within the pore, this voltage 

polarity is more likely to cause wetting of the hydrophobic interface and, in turn, pore 

wetting. 

While the full nonlinear theoretical predictions are qualitatively in agreement with 

the experimental results, the model cannot yet predict the results in a quantitative manner. 

It is because large wettability changes (Δ𝛾𝑠𝑙 < -10 mJ/m2) would require (i) large surface 

charge density and (ii) large applied electrode potential. For example, in the absence of 
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applied voltage, the equilibrium constant must be K = 0.3 M in order for Δ𝛾𝑠𝑙 = -10 mJ/m2 

at 𝑐0 = 1 M. Benchmarking our theoretical model to our MD simulations, we find that the 

continuum model (K = 0.3 M) corresponds to an adsorbed anion density of 1.1 nm-2 at 𝑐0 

= 1 M. In molecular simulations of potassium iodide near a hydrophobic interface,217 the 

adsorbed anion density for classical MD simulations is only 0.2 nm-2 at 𝑐0 = 1 M. Using 

molecular dynamics with electronic continuum correction (ECC) method to capture the 

anion polarizability more accurately, the adsorbed density in simulations is 0.54 nm-2 at 

𝑐0 = 1 M.217 The continuum model would suggest that in order for the ionic concentration 

to significantly alter the wettability, the surface charge of the membrane would necessarily 

be larger than the MD and ECC predictions (shown with stars in Figure 6.6c). 

Nevertheless, in the model, both the increase in concentration and an increase in the 

applied electrode potential lead qualitatively to a decrease in the solid-liquid interfacial 

tension of the hydrophobic side, in agreement with the experiments. 

In order to bring the continuum theoretical predictions closer to the experimentally 

observed wettability changes, one could include more microscopic details for the bubble, 

electrolyte, and bipolar membrane system. For example, the bubble and membrane 

geometry, the non-ideal thermodynamics of the electrical double layer, and the bubble’s 

nonequilibrium deformation could all play a key role in the observed wettability changes. 

While we have assumed a large blocking bubble that encompasses the pore entrance, 

the blocking bubbles in the experiments could be as small as the pore size, resulting in 

more complex electrowetting behavior within the pore rather than at the hydrophobic side 

of the membrane. A more realistic model may require consideration of the contact line 

pinning at surface heterogeneities, either within or outside the pore, and the effect of ionic 
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charges and electric fields near the pinned contact line, dependent on the precise 

geometry of the pore/membrane. 

For the purposes of our study, we do not extend the continuum theoretical analysis 

beyond the simple case of the equilibrium wettability of a large blocking bubble in an ideal 

electrolyte, since this limit gives useful trends and physical interpretations without added 

complexity. Instead, we capture the limit of a small blocking bubble pinned within the pore 

through the nonequilibrium MD simulation framework, where the applied electric field and 

concentration changes act to dislodge the bubble, opening the pore to ionic currents as 

observed in the experiments. 
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Figure 6.6: Continuum model of wettability. (a) The schematic of the continuum model, 
where the electrostatic potential is solved for as a function of the applied potential and the 
bulk ionic concentration. (b) The change in the effective solid-liquid interfacial energy, 
Δ𝛾𝑠𝑙, as a function of the ionic concentration for varying anionic adsorption equilibrium 
constant, K, and applied electrode potentials, Vapp. The solid lines correspond to an 
applied voltage of 0, and the dashed dotted lines correspond to an applied voltage of +2 
V. The change in interfacial energy is not strongly dependent on the sign of the applied 
voltage, since local concentration polarization within the pore domain is not captured by 
the model. (c) The surface charge density of the hydrophobic side as a function of the salt 
concentration for varying anionic adsorption equilibrium constant, K. Because the 
membrane is only weakly polarizable, the surface charge density is only a weak function 
of the applied potential (not shown). Here, the stars are shown for two different 
simulations of KI solutions at 1 M to indicate the expected value of adsorption coefficient. 
Fixed parameters: 𝑁 = 5 nm−2, 𝜖𝑚 = 7𝜖0, 𝜖𝑤 = 80𝜖0, 𝐿 = 30 nm, 𝑇 = 300 K,  𝑞𝑠,𝑝ℎ𝑖𝑙 =

0.06 e nm−2. 
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Conclusions 

 This chapter presents an asymmetric hydrophobic nanopore whose transport 

properties can be gated not only by voltage and type of ion, but also salt concentration. 

The key to gated transport is the presence of a hydrophobic/hydrophilic junction within 

the nanopore. Our experimental results clearly indicate that a higher salt concentration 

facilitates wetting of such asymmetric nanopores. We also show that the effect of salt 

concentration is linked with voltage dependence of wetting, such that the nanopores are 

more likely to conduct ion current for the voltage polarity that increases ionic 

concentrations within the pore. As a result of the voltage-dependent wetting, such an 

asymmetric system functions as a diode for water and all dissolved ions. The mechanism 

of voltage and salt-concentration induced gating was described using the tools of 

molecular dynamics as well as a continuum approach of electrowetting. Molecular 

dynamics simulations predicted local ionic concentrations inside the pore and confirmed 

accumulation of large iodide ions in the hydrophobic region of the pore that facilitated 

pore wetting. Simulations also revealed that pore wetting was initiated by short strings of 

water molecules connecting in the center of the pore. The ionic concentrations obtained 

from molecular dynamics were subsequently used to build a continuum model that 

described salt concentration dependence of wetting using the framework of electrowetting 

mechanism. Hydrophobic nanopores gated by salt concentration and voltage could 

become the basis for switches that control transport of water and all species dissolved in 

it. Such systems could find applications, for example, in drug-delivery systems and ionic 

circuits. 

 



177 
 

Appendix C: Supplementary Materials for Chapter 6 
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Supplementary Text 

Theoretical derivation of continuum electrowetting model 

Defining model equations 

 As sketched in Figure 6.6a, the electrowetting model is based on computing the 

electrostatic potential profiles in the electrical double layers at the membrane electrolyte 

interfaces and in the membrane domain. In regions of the membrane where the 

hydrophobic side is dewetted (where a gas bubble is in contact with the hydrophobic 

side), the double layer is only present on the hydrophilic region to screen the surface 

charge of the hydrophilic side. On the other hand, in regions where the hydrophobic side 

is in contact with electrolyte solution, the double layers are present on both sides. 

Furthermore, when electrolyte is in contact with both sides of the membrane, the applied 

electrostatic field can polarize the membrane domain, impacting the electrostatic energy 

of the interface.  

Here, in the electrolyte domains that are in contact with solid surfaces, we solve 

Poisson’s equation: 

𝜖𝑤
𝑑2𝜙

𝑑𝑥2
=  𝜌 =∑𝑧𝑖𝐹𝑐𝑖     

𝑖

{
𝑥 <  𝐿,   if hydrophobic side dewetted

𝑥 <  𝐿 and 𝑥 > 0,   if hydrophobic side wetted
 (𝐶. 1) 

Here, 𝜖𝑤 is the dielectric constant of water, 𝜙 is the electrostatic potential, 𝑥 is the spatial 

coordinate normal to the membrane surfaces, 𝜌 is the volumetric charge density, 𝑧𝑖 is the 

valency of ion 𝑖, F is the Faraday constant, 𝑐𝑖 is the concentration of the species 𝑖, and 𝐿 

is the thickness of the membrane. In the membrane domains, we solve Laplace’s 

equation (assuming the membrane is an ideal dielectric medium with constant membrane 

dielectric constant, 𝜖𝑚). 
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𝑑2𝜙

𝑑𝑥2
= 0,       𝐿 ≤ 𝑥 ≤ 0 (𝐶. 2) 

In each domain, we have assumed that the field only varies in the normal direction, valid 

far away from the bubble contact line and from the pore mouth opening.  

Next, we outline the strategy to solve for the electrostatic and chemical energy in 

the double layers and membrane domain in order to predict the effective changes in the 

solid-liquid interfacial tension, Δ𝛾𝑠𝑙. 

Following Ref. [233], we assume that the double layers are in equilibrium with the 

bulk solutions of fixed concentration, with ideal thermodynamics. On the hydrophilic side, 

the concentrations follow a Boltzmann distribution: 

𝑐𝑖 = 𝑐𝑖0 exp ( 
𝑧𝑖𝐹(𝜙  𝑉app)

𝑅𝑇
) ,    𝑥 <  𝐿 (𝐶. 3) 

and on the hydrophobic side, they follow a similar Boltzmann distribution with the bulk 

solution when the hydrophobic side is wetted: 

𝑐𝑖 = 𝑐𝑖0 exp ( 
𝑧𝑖𝐹𝜙

𝑅𝑇
) ,    𝑥 > 0 (𝐶. 4) 

Here, 𝑐𝑖0 is the bulk concentration of species 𝑖 (equal to the bulk salt concentration, 𝑐0, for 

the symmetric 1:1 solutions investigate here), 𝑅 is the gas constant, and T is the absolute 

temperature. Such a double layer equilibrium assumption is only valid far from the pore 

opening, where the double layers are unperturbed by the applied currents. Realistically, 

the concentrations can be significantly perturbed from their bulk values near and within 

the pore mouth, but we neglect such effects in order to reduce the complexity of the 

model.  
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At the membrane interfaces, we enforce boundary conditions based on the amount 

of adsorbed surface charge. When the hydrophobic side is dewetted, the only boundary 

condition is: 

𝜖𝑤
𝑑𝜙𝑤
𝑑𝑥

(𝑥 =  𝐿) = 𝑞𝑠,phil (𝐶. 5) 

Since the field is not considered within the membrane domain when the hydrophobic side 

is dewetted. When the hydrophobic side is wetted, the boundary conditions at each 

interface are given by: 

 𝜖𝑚
𝑑𝜙𝑚
𝑑𝑥

(𝑥 =  𝐿)  𝜖𝑤
𝑑𝜙𝑤
𝑑𝑥

(𝑥 =  𝐿) = 𝑞𝑠,phil (𝐶. 6) 

𝜖𝑚
𝑑𝜙𝑚
𝑑𝑥

(𝑥 = 0)  𝜖𝑤
𝑑𝜙𝑤
𝑑𝑥

(𝑥 = 0) = 𝑞𝑠,phob (𝐶. 7) 

The 𝑤 subscript means that the electric field is evaluated on the electrolyte side of the 

interface, while the 𝑚 subscript means that the electric field is evaluated on the membrane 

side of the interface. The surface charge per unit area on the hydrophilic side is 𝑞𝑠,phil, 

while that on the hydrophobic side is 𝑞𝑠,phob. Far away, the potential must match the 

applied potential in the bulk: 

𝜙( ∞) = 𝑉app (𝐶. 8) 

𝜙(∞) = 0 (𝐶. 9) 

While we assume the amount of surface charge is fixed on the hydrophilic side, we 

assume that the amount of surface charge on the hydrophobic side is dependent on the 
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local concentration of anion (either iodide or chloride) that adsorbs to the hydrophobic 

interface—a charge regulation boundary condition: 

𝑞𝑠,phob =  𝑒 𝑁 𝛼 =  
𝑒𝑁𝑐0 exp [

Fϕ(x = 0)
RT ]

𝑐0 exp [
Fϕ(x = 0)

RT ]  𝐾
 (𝐶. 10) 

In the above formula, 𝑒 is the elementary charge, N is the number density of surface sites 

where anions can adsorb, 𝛼 is the fraction of surface sites on which anions are adsorbed, 

and K is the equilibrium constant of anionic adsorption. At large concentrations of anions 

relative to the equilibrium constant, the surface charge saturates to a constant set by the 

number of surface sites: 

𝑞𝑠,phob =  𝑒 𝑁 (𝐶. 11) 

For small potentials and adsorbed charge fractions, the surface charge is approximated 

by:

𝑞𝑠,phob =  
𝑒𝑁𝑐0

𝐾
 (𝐶. 12) 

We will return to the approximate values of the surface charge when approximating the 

contribution to the energy of the double layer in linear response. 

While the system of differential equations is nonlinear and difficult to solve exactly, 

we can perform one analytical integration to derive algebraic equations relating the 

potential at the membrane interfaces to the surface charge densities (again following Ref. 

[233]):

(𝑞𝑠,𝑝ℎ𝑖𝑙  𝑄)
2
= 4𝜖𝑊𝑅𝑇𝑐0 (𝑐𝑜𝑠ℎ (

𝐹𝜙(𝑥=0)

𝑅𝑇
)  1) (𝐶. 13) 
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(𝑞𝑠,phob  𝑄)
2
= 4𝜖𝑊𝑅𝑇𝑐0 (cosh (

F(ϕ(x =  L)  Vapp)

RT
)  1) (𝐶. 14) 

𝑄 =
𝜖𝑚
𝐿
(𝜙(𝑥 =  𝐿 )  𝜙(𝑥 = 0)) (𝐶. 15) 

These three Eqs. (C.13, C.14, and C.15) with an additional substitution from equation 

C.10 can be solved simultaneously for the three unknowns: 𝜙(𝑥 = 0), 𝜙(𝑥 =  𝐿), and 𝑄. 

The variable Q signifies the extent of polarization of the membrane domain and controls 

the coupling between the different sides of the membrane domain. When the hydrophobic 

side is dewetted, Q=0. As we will see in the following subsection, we can express the free 

energy of the double layers and membrane domain in terms of these unknowns, so we 

can reduce the complexity of the problem down to solving these three algebraic 

equations.  

Defining the surface energy changes 

 So far, we have outlined the complete set of equations that can be systematically 

solved as a function of the membrane/electrolyte parameters to find the electrostatic 

potential at the membrane interfaces and the fraction of sites with adsorbed anions on 

the hydrophobic side. Now, we need to synthesize the information from the electrostatic 

model into a calculation of the free energy change due to anion adsorption, membrane 

polarization, and the free energy stored in the electrical double layers, where we will follow 

Ref. [231] with modifications to account for membrane polarization. From these free 

energy contributions, we can then make a prediction for the shift in the solid-liquid surface 

energy. 

First, the chemical energy due to anion adsorption is given by: 
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𝐹ads = N𝑘𝐵𝑇 ln(1  α) (𝐶. 16) 

where 𝑘𝐵 is the Boltzmann constant. The free energy of the double layer on the 

hydrophobic side is: 

𝐹𝑑𝑙,phob =  16𝑅𝑇𝑐0𝜆𝐷 sinh
2 (
𝐹 𝜙(𝑥 = 0)

4𝑅𝑇
) (𝐶. 17) 

and the free energy on the hydrophilic side is: 

𝐹𝑑𝑙,phil =  16𝑅𝑇𝑐0𝜆𝐷 sinh
2 (
𝐹 (𝜙(𝑥 =  𝐿)  𝑉app)

4𝑅𝑇
) (𝐶. 18) 

In the above equations, the parameter 𝜆𝐷 is the Debye length. The free energy of the 

membrane domain is: 

𝐹m =  
𝜖𝑚
2𝐿
(𝜙(𝑥 = 0)  𝜙(𝑥 =  𝐿))

2
 (𝐶. 19) 

Now, we can synthesize the different free energy contributions of the double layer to 

predict the change in the apparent solid-liquid surface energy. Here, we assume that 𝛾𝑠𝑙
base 

is the solid-liquid surface tension of the hydrophobic side in the absence of applied voltage 

or anion adsorption. We calculate the shift in the apparent solid liquid surface tension on 

the hydrophobic side when there is nonzero membrane polarization and anion adsorption, 

Δ𝛾𝑠𝑙 : 

𝛾𝑠𝑙,phob = 𝛾𝑠𝑙
base  Δ𝛾𝑠𝑙 (𝐶. 20) 

The quantity Δ𝛾𝑠𝑙 can be further decomposed into contributions from (i) the ionic 

adsorption, Δ𝛾𝑠𝑙,ads  (ii) the double layers, Δ𝛾𝑠𝑙,dl, and (iii) the membrane polarization 

Δ𝛾𝑠𝑙,m.  
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From the definitions of the free energy, the ionic adsorption contribution is: 

Δ𝛾𝑠𝑙,ads = 𝐹ads (𝐶. 21) 

The contribution from the double layers is: 

Δ𝛾𝑠𝑙,𝑑𝑙 = 𝐹𝑑𝑙,phob
wetted  𝐹𝑑𝑙,phil

wetted  𝐹𝑑𝑙,phil
dewetted (𝐶. 22) 

where we have set the reference free energy of the hydrophilic side to the free energy of 

the hydrophilic side with the hydrophobic side in the dewetted state. The contribution from 

the membrane polarization is: 

Δ𝛾𝑠𝑙,m = 𝐹m (𝐶. 23) 

In generating Figure 6.6b–c, these contributions are computed numerically from the 

nonlinear equations and summed together to give Δ𝛾𝑠𝑙. 

Approximating the contributions to solid-liquid interfacial energy 

 As explained in the previous chapter, we can generate useful formulas by 

assuming small potentials, low surface adsorption, and a weakly polarizable membrane. 

While these formulas do not accurately describe the full nonlinear solutions, they display 

the same qualitative trends, and allow for quick computations.  

First, for anionic adsorption, starting from equation C.16, the chemical energy due 

to adsorption for small values of 𝛼 is: 

Δ𝛾𝑠𝑙,𝑎𝑑𝑠 =  𝑁𝑘𝐵𝑇𝛼 =  
𝑁 𝑘𝐵𝑇 𝑐0

𝐾
 (𝐶. 24) 
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For the membrane domains, if there are only small perturbations in potential due to the 

double layers, then the membrane polarization is mainly attributable to the applied 

voltage: 

Δ𝛾𝑠𝑙,𝑚 =  
𝜖𝑚
2𝐿
𝑉app
2  (𝐶. 25) 

Finally, the double layer contribution from the hydrophilic side of the membrane will be 

zero under the simplifying assumptions, since due to the low polarizability of the 

membrane and the constant surface charge of the hydrophilic side, the double layer 

contribution from the hydrophilic side is identical whether the hydrophobic side is wetted 

or dewetted. The only contribution from the double layer will come from the hydrophobic 

side. There, the surface potential can be approximated as: 

𝜙(𝑥 = 0) = 𝜁 ≈
 𝑁𝑒𝑐0𝜆𝐷
𝐾𝜖𝑤

 (𝐶. 26) 

And assuming small potentials, the double layer contribution can be approximated from 

the expanded form of equation C.17 as: 

Δ𝛾𝑠𝑙,𝑑𝑙 =  
𝜖𝑤
2𝜆𝐷

𝜁2 =  
𝑁2𝑒2𝑐0

2𝜆𝐷
2𝜖𝑤𝐾2

  (𝐶. 27) 
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Supplementary Tables 

 

 

Table C.T1: Contact angle measurements on a flat silicon nitride surface before and after 
modification with 1H,1H,2H,2H-perfluorooctyltrichlorosilane. We estimate 10% error 
based on image processing for all angles. 
 
 

Salt 
Concentration 

(mM) 
Clean SiNx contact 

angle (deg) 
Hydrophobically modified 
SiNx contact angle (deg) 

H2O - 62 110 

KCl 

1 72 120 

10 55 110 

100 68 111 

500 65 117 

1000 75 110 

2000 74 114 

KI 

1 67 117 

10 60 113 

100 61 103 

500 67 103 

1000 65 110 

2000 63 113 

 

 
Table C.T2: Average number of ions near the water-vacuum interface in the pore before 
the pore is open. Results from molecular dynamics simulations.  
 
 
 
 
 
 

 

 

 

 Negative E (1 M) Positive E (1 M) 

Chloride 0.64 ± 0.76 0.50 ± 0.64 

Iodide 1.83 ± 1.19 1.29 ± 0.98 
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Supplementary Figures 

 

Figure C.1: Schemes of two asymmetric modifications used to prepare nanopores with a 
hydrophobic/hydrophilic junction. The two modifications were performed asymmetrically 
such that only one side of the pore was in contact with the silane solution, and the other 
one with a solvent. The shape of the pores is assumed cylindrical, consequently the 
concentration profiles of the two silanes in the pore are linear.225 (a) The modification with 
APTMS was done first, with the APTMS solution placed at the bottom of the chip. (b) The 
second modification using 1H,1H,2H,2H-perfluorooctyltrichlorosilane was performed with 
the hydrophobic silane solution placed on top of the chip. 
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Figure C.2: Current-voltage curves of a 14 nm diameter pore as prepared (1 M KCl, black 
squares), and after symmetric modification with APTMS (1 M KCl in red circles, 1 M KI in 
blue triangles). The current-voltage curves were obtained by averaging ion current time 
series recorded at each voltage for 50 s. The error bars are standard deviations of current, 
also calculated from the time series data. The recordings allowed us to estimate the 
thickness of the attached APTMS to 3 nm.189 

 

 

 

 

 

 

 

 

 

 

 

Figure C.3: Recording of ion current time series for the pore shown in Figure 6.3d for 500 
mM KI at -1.8 V. This time series was recorded directly after the data in Figure 6.2 in 
Chapter 6. The pore opening probability for this voltage was 0.53. 
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Figure C.4: Number of water molecules and ions inside the hydrophobic region of the 
pore as a function of time at different conditions (low and high concentration, ion type, 
different polarities of electric fields). The magnitude of electric field is of 0.008 V/Å at all 
conditions. The length of the hydrophobic region chosen for this analysis is 0.6 nm. 

 

 

Figure C.5: Number of ions inside the hydrophilic region of the pore as a function of time 
at different conditions (low and high concentration, ion type, different polarities of electric 
fields). The magnitude of electric field is of 0.008 V/Å at all conditions. The length of the 
hydrophilic region chosen for this analysis is 1.5 nm. 
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Figure C.6: Number of water molecules inside the hydrophilic region of the pore as a 
function of time at different conditions (low and high concentration, ion type, different 
polarities of electric fields). The magnitude of electric field is of 0.008 V/Å at all conditions. 
The length of the hydrophilic region chosen for this analysis is 1.5 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.7: Simulation snapshots showing different stages of pore dewetting in 1 M KI 
salt solution at a negative electric field of 0.008 V/Å. 
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