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ABSTRACT OF THE DISSERTATION 
 

Analytical Tools to Probe Solid-Liquid Interfaces in Single Pores  

by 

Wilfred S. Russell 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2022 

Professor Zuzanna S. Siwy, Thesis Chair 

Meso- and nano- pores of well-defined geometries and surface charge characteristics are 

often employed as model systems to probe the electrochemical properties of solid-liquid 

interfaces. The high surface area to volume ratio and tunable surface charge of these 

porous systems gives them fascinating ion transport properties that dominate by 

controlling the solid-liquid interface. These unique transport properties also affect many 

processes such as the performance of membrane separation (desalination) systems. In 

this doctoral dissertation, we report experiments designed to facilitate the systematic 

studying of ionic transport and solid-liquid interfaces using single polyethylene 

terephthalate (PET) pores in two separate projects:  

The first using cylindrical pores, ~ 1 μm in diameter (and 12 μm in length), and the 

resistive-pulse technique, to investigate the electroosmotic transport of unfunctionalized 

polystyrene particles through the PET pore in organic, propylene carbonate solutions of 

LiClO4. The direction of electroosmotic particle translocation informs us about the surface 

potential of the pore walls and their duration, a measure of the particles’ velocity and the 

pore walls’ zeta potential. Our experiments show that the carboxlyated, as prepared 

surface of PET pore(s) become positively charged in LiClO4 solutions of propylene 

carbonate, even though in aqueous media, the same pore(s) are negatively charged. 

These findings were also verified by measuring current-voltage curves in a propylene 

carbonate, LiClO4 concentration gradient. The electroosmotic velocity of the particles also 
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revealed that the positive zeta potential of the pores in propylene carbonate is significantly 

higher than the negative zeta potential in water.  

Additionally, conically shaped pores, 4-25 nm (tip), 700-1100 nm (base) diameter, KCl 

and bulky chromium, trivalent (Cr3+) cations, were used to probe the switching of the PET 

surface potential through charge inversion. Briefly, charge inversion occurs when a 

(negatively charged) pore is placed in contact with oppositely (positively) charged 

multivalent ions at a sufficiently high (≥ 2) Z and bulk electrolyte concentration. At these 

experimental conditions, the cations attract, over screen and invert the sign of surface 

potential here, from negative to positive. The origin of charge inversion is often described 

through the concept of a strongly correlated liquid that is formed by the multivalent ions 

in contact with the charged surface. When the surface potential of the pore is inverted, 

the observable current-voltage curve changes as well and can be experimentally probed. 

In this work, it was successfully demonstrated through recorded current-voltage curves 

and ion current signal measurements in time that when the bulk Cr3+ concentration 

reached 1 mM, the walls of the conically shaped nanopore became positively charged. 

Also, pores whose tip diameter is less than or equal to 10 nm exhibited ion current 

fluctuations in time and negative incremental resistance(s). This finding suggests that the 

pores become partially sterically occluded with the bulky ions which in sub-5 nm pores 

has major implications on charge inversion and the pore ionic conductance. 
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Chapter 1. 
With Respect to Biology: Pores in Nature 

In our (the Siwy) laboratory, we draw a lot of inspiration for our research from nature and 

the functioning of biological systems. More specifically, ion channel proteins embedded 

in cellular membranes. 

In our bodies, ion channels allow for the highly selective transport of ions (e.g., Na+, K+, 

Ca2+ or Cl-) across cellular membranes in response to stimuli resulting in rapid changes 

of the osmolar concentration. Some examples of stimuli include the physical deformation 

of surrounding environments, the binding of ligands or molecules like acetylcholine to 

ligand-gated channels1–3, and changes to the membrane potential caused by the opening 

of voltage-gated ion channels.4,5 Proper functioning of ion channels helps regulate 

intrinsic physiological processes6, serves as the basis of chemical, nerve signaling, and 

has well-defined implications in several prevalent and fatal neurodegenerative disease 

states.7–10  

Ion channels are in their most elegant form, natures nanopores. Their responsiveness (to 

stimuli), sensitivity, and selectivity have motivated researchers to create model, 

biomimetic porous systems as tools to replicate and further elucidate the underlying 

mechanisms that govern ionic transport at the nanoscale. This is the main source of 

motivation for our lab and this doctoral work. 

Biomimetic, channel-like systems have been constructed in synthetic devices. Some of 

which include polymeric ethylene terephthalate11–15, Kapton, polycarbonate16, silicon 

nitride17–20, glass pipettes21–25, silica planar channels26,27, and carbon nanotubes28,29. 

These materials which can be etched, lithographed, pulled, synthesized, dielectrically 

broken down, or drilled using focused ion beam or transmission electron microscopy to 

create meso- and nano- pores of varying diameters, shapes, and geometries.30 These 

pores can be used as templates to mimic the electrochemical operational principles and 

sensitivity of ion channels.31–33 Though, to date, ion selectivity, particularly between ions 

of different sizes has been extremely challenging to achieve.34 

From a chemical perspective, the small size, high surface area to volume ratio and 

tunable surface charge of these porous man-made systems gives them unique and 
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fascinating transport properties that are dominated by controlling the interface 

characteristics.35 Nanopores with excess surface charges for example, can induce ionic 

selectivity such that negatively (positively) charged pores will transport mostly positive 

(negative) ions.36 Conversely, mesopores again, with excess surface charges, are 

responsible for electrokinetic phenomena like electroosmosis.37,38 Additionally, the 

presence of surface functionalities, like carboxyl groups, leaves the pores amenable to 

chemical modification such as the attachment of charges39–41, specific recognition 

agents42,43, charge patterns44,45 and hydrophobic groups46,47 which at will, fine tune the 

surface-interface dominated transport properties.  

These transport properties with un/modified pores also make them extremely attractive 

for a variety of different applications. Some of which include, but are not limited to the 

creation of ionic circuit elements33,40,44,48–54, the development of new low detection limit, 

chemical sensing platforms, including DNA and protein sequencing 22,55,64–73,56–63, 

separation systems (e.g. desalination)74,75, and for the purposes of this work, probing the 

electrochemical properties of solid-liquid interfaces to gain further insight into fundamental 

ionic transport in aqueous and organic media25,37,39,41,76,77. To better investigate the solid-

liquid interfaces in aqueous and organic media warrants the development and ratification 

of techniques capable of making sensitive, selective electrochemical measurements. 

The dissertation written herein will discuss some of the tools and techniques that facilitate 

the systematic studying of solid-liquid interfaces in single polymer porous systems. It is 

the author’s hopeful intention that the topics and ideas introduced here will be used as a 

paradigm for addressing some of the questions posed as they pertain to ionic transport, 

and most importantly, the structure of the solid-liquid interface in aqueous and organic 

media which will hopefully drive analytical, quantitative decision making during the 

development of dynamic solutions.  

Below is a brief description of the information presented in each chapter:  

First, Chapter 2 gives details about the track-etched, PET pores used in this project. 

Chapter 3 & 4 provides background details on the electrical double layer and modes of 

transport through track-etched pores, respectively. In Chapter 5, conically shaped 

(nano)pores, bulky chromium, trivalent (Cr3+) cations and sulfate (SO42-) anions are used 
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to probe the switching of the surface potential through charge inversion. In Chapter 6, the 

resistive-pulse technique is used to investigate the electroosmotic transport of 

unfunctionalized polystyrene particles through the (meso)pores in organic, propylene 

carbonate solutions of LiClO4. And finally, Chapter 7, summarizes the main points, 

discusses the results of this doctoral work, and presents planned future work. 
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Chapter 2. 
Pores As Tools to Probe Interfaces: Single Pore Fabrication 

For the purposes of this work, 12 μm long poly(ethylene terephthalate) (PET) (Figure 2.1) 

pores will be the tool of choice for investigating the solid-liquid interfaces.  

 

Figure 2.1. Chemical structure and picture of a PET foil irradiated with a single ion track. 

The foil is 12 μm thick and 3 cm in diameter. The ion track is restricted to a 100 μm 

diameter region at the center of each foil using a metal aperture mask during the 

irradiation process. 

Commercially available PET films (Hostaphan RN12, Hoechst) are fabricated into pores 

using the track-etching technique.41,78–82 The track-etch fabrication technique consists of 

3 discrete steps: (1) latent damage track formation, (2) wet chemical etching, and (3) 

current-voltage characterization (Figure 2.2). 
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Figure 2.2. Schematic of the cylindrical and conical PET pore fabrication process. (A) 

Irradiation of PET film with an energetic single, swift, heavy ion, (B) additional long (365 

nm) wavelength ultra-violet irradiation, (C) wet chemical etching. By controlling the bulk 

and latent track etching rates, Vb and Vt respectively, can we allow for different pore 

geometries to be fabricated, and lastly (D), electrochemical current-voltage 

characterization using linear sweep voltammetry. 

2.1. Latent Damage Track Formation 
In track-etch pore fabrication, 3 cm (diameter), stacks of 12 μm thick PET foils are 

irradiated with swift, heavy, energetic, U+35, Xe+18 or Au+23 ions with a total kinetic energy 

of ≅ 2.2 GeV at the GSI Helmholtzzentrum für Schwerionenforschung (GSI Helmholtz 

Centre for Heavy Ion Research) in Darmstadt, Germany (www.gsi.de). The Institute for 

Heavy Ions Research has unique instruments, more specifically, a UNILAC: Universal 

Linear Accelerator, capable of irradiating films with a known number of ions. Depending 

on the fluence of the ion beam created at the UNILAC, each PET foil can be irradiated 

with 1 - 1010 ions/cm2. The number of ions that penetrate the films during this irradiation 

process determines the number of pores created during the chemical etching process. 

Therefore, irradiation with one heavy ion will lead to the preparation of a single-porous 

membrane system. Single, heavy ion irradiation is also achieved by placing a metal, 100 
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μm aperture mask in front of the stacked foils. Additionally, the linear particle accelerator 

at UNILAC is magnetically defocused to decrease the flux of ions so that on average, only 

one heavy ion per second passes through the films and mask aperture. Once the heavy 

ion is detected on the opposite side of the stacked foils, the particle accelerator is shut 

down. This irradiation process creates the formation of a single, localized, thin (< 20 nm 

diameter)83, cylindrical latent damage tracks through each 6-film stack of 12 μm thick PET 

foils. Once irradiated, each individual PET foil is (wet) etched chemically at UCI where 

the desired shape and geometry of each pore is controlled with nanometer precision.  

2.2. Chemical Etching 
Prior to chemical etching, each individual PET film is subjected to additional irradiation. 

This time, from a compact UV lamp. Every PET foil is irradiated with long (365 nm) 

wavelength ultra-violet light for one hour on each side of the film. The mechanism of this 

ultra-violet light irradiation process is not well understood. Though, it has been found that 

the reproducibility and successfulness of fabricating pores is increased when this step 

has been performed.84,85  

2.2.1 Cylindrical PET Pores 
The conditions of the chemical etching process determine the shape and size of the 

pores. Symmetric etching of the 12 μm thick PET foils along the latent damage track (Vt) 

in 2 M NaOH solution heated to a temperature of 60 °C creates pores that are known to 

have a nearly ideal cylindrical geometry. The average pore diameter increases linearly 

with etching time. The laminar, semi-crystalline structure of PET leads to inhomogeneities 

of the local pore diameter with an amplitude up to ~20% of the pore diameter.78,79 These 

inhomogeneities (undulations) result in the formation of a nonuniform electric field inside 

the pore when voltage is applied across the membrane. These undulations make the pore 

sensitive to the shape of passing objects when used in pore analytics.79,80 

2.2.2 Conical PET Pores 
Conversely, asymmetric etching of the irradiated PET film along the radial axis of the 

latent damage track (Vb) leads to the formation of a well-approximated tapered-cone 

(conically) shaped pore whose small tip diameter can be as small as a few nanometers, 

and large base diameter (on the other side), is on the micrometer scale.49 One side of the 
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pore is placed in contact with 9 M NaOH, and the other side, with a 1 M Formic Acid, KCl 

(STOP) solution. Bare platinum electrodes were placed in opposing chambers of a 

custom-built, polychlorotrifluoroethelyne (Kel-F), conductivity cell with an irradiated, 

single 12 μm thick foil mounted between the chambers. The (working) platinum electrode 

was placed into the chamber of the conductivity cell containing the 9 M NaOH. This side 

would eventually become the large base opening of the pore and the (ground) platinum 

electrode, which was placed into the chamber containing the STOP solution, the small tip 

opening of the pore. This placement of the working and reference electrodes were kept 

the same for all the electrochemical measurements performed hereafter. Measurable 

breakthrough of the faradaic, transmembrane current (~ 300 pA) when 1 V was applied 

across the film indicated etching success. Once etched, the pores, cylindrical or conical, 

were left overnight in MilliQ water before being sized.  

2.3 Pore Sizing 
Prior to experimentation, the opening diameter(s) of each PET pore was measured using 

a well-established, non-destructive technique based on electrochemical characterization. 

Current-voltage (i-V) measurements in unbuffered 1 M KCl were used to measure the 

pore conductance and subsequently, calculate the pore diameter (Figure 2.3). The 

voltage was changed from -1 V to +1 V with 100 mV steps for cylindrical pores and from 

-0.1 to +0.1 V with 10 mV steps for conical pores using Ag/AgCl electrodes (in-house 

chlorinated Ag wire). These electrodes were placed in opposing chambers of the 

conductivity cell with the etched (cylindrical or conical) PET pore membrane mounted 

between the chambers. The potential window for conical pores was chosen to ensure that 

a linear conductance was obtained for quantification of the pore conductance (G). Once 

the experimental set-up was complete, a linear potential sweep was applied to the 

working electrode for 1 (forward) cycle. The current generated from the forward 

(oxidation) scan was constructed into an i-V curve, and the slope, provided the 

conductance of the electrolyte-filled pore. Electrochemical sizing measurements were 

performed in high electrolyte concentrations where the length of the electrical double-

layer is thin (~ 0.3 nm for 1 M KCl). At high electrolyte concentrations, we assume that 

the conductivity of the electrolyte solution inside the pore is comparable to that of the bulk 

solution.  
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Figure 2.3. Current-voltage curves of the linear dielectric approximation for the 

conductance of a single cylindrical (left) and conical (right) pore in 1 M KCl. From the 

measured conductance the opening and small tip diameters of each pore can be 

calculated. Here, the cylindrical pore has an opening diameter of 820 nm and the conical 

pore, a small tip opening of 4 nm. For conical pores, D, here 720 nm, is determined by 

the elapsed etching time and bulk etch rate: 2.13 nm/min at 20 °C in 9 M NaOH.49 

2.3.1 Cylindrical PET Pores 
For cylindrical pore geometries, it is possible to simply model the pore as a linear dielectric 

material i.e., a cylindrical resistor and solve for the pore diameter using the equation86: 

𝐺𝐺 =  𝜅𝜅𝜅𝜅
𝑙𝑙

   eq. (2.1) 
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where: κ is the solution conductivity (10 Siemens/m for bulk 1 M KCl), A, the cross-

sectional area, and l, the pore length. Substituting for the cross-sectional area of a cylinder 

and solving for d, the pore radius, we now obtain the equation:  

𝑑𝑑 = �4𝑙𝑙𝑙𝑙
𝜅𝜅𝜅𝜅

   eq. (2.2) 

For the electrochemical sizing of cylindrical PET pores.  

2.3.2 Conical PET Pores 
For conical pores however, the approximation that is used instead is that of a resistor 

formed by the intersection of a cone with a spherical shell.87 This approximation is more 

accurate for small angles of the cone opening. G is related to the small tip radius (d) of 

the pore from the equation:  

𝑑𝑑 = 4𝑙𝑙𝑙𝑙
𝜅𝜅𝜅𝜅𝜅𝜅

   eq. (2.3) 

The large base opening diameter, D, is calculated from the bulk-etch rate of PET: 2.13 

nm/min at 20 °C in 9 M NaOH.49 D is determined using the equation: 

𝐷𝐷 = 2 ∗ 2.13 ∗ 𝑡𝑡   eq. (2.4) 

Where t is the total etching time (minutes).49 The bulk-etch rate was verified using 

imaging, more specifically, scanning electron microscopy (SEM).88 However, due to the 

large surface area of the PET films and the presence of only one pore, sizing of the pores 

using SEM would be extremely difficult to measure and determine experimentally. 

2.4 Chemical Modifications 
Track-etched PET pores are amenable to chemical modification15,40,44,89–91 due to the 

presence of a highly dense surface carboxyl group network on the pore walls at a density 

of ~1 carboxyl group per nm2.92 The carboxyl groups form because of alkaline hydrolysis 

induced during the wet chemical etching step93 (Figure 2.4). The pKa of the surface 

carboxyl groups of PET is ~3.5.92 In solutions at pH’s > 4, the pore walls are negatively 

charged. Thus, a variety of chemical modifications can be performed to give the pore(s) 

special and unique transport properties.47,56,94 One that was used extensively throughout 

this work, includes the use of a positive polyelectrolyte: poly(allylamine hydrochloride) 
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(PAH) which electrostatically adsorbs itself to the negatively charged carboxyl groups and 

renders the PET pore with a positive surface potential. The amine-terminated 

functionalities of PAH have a pKa of 9.5.40 Therefore, in solutions at pH’s > 4, we expect 

a pore that has been modified with PAH, to have a positive surface charge. This PAH 

modification was extremely useful in being used as a guideline that aided and facilitated 

the interpretation of each experimental result where the chemical properties of the pore 

walls were tuned using aqueous, multivalent, and organic media.  

 

Figure 2.4. Depolymerization of PET by alkaline hydrolysis. Sodium hydroxide (NaOH) 

attacks the ester bonds of the polymeric chain and sequentially removes the constituent 

pieces of the PET monomer ethylene glycol and terephthalic acid.95,96 
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Chapter 3. 
The Electrical Double Layer 

3.1. The Classical Depiction of the Electrical Double Layer 
Pore walls of track-etched PET pores with negative, surface carboxyl groups (as 

prepared) can often be modeled by a charging parallel plate capacitor.37 When exposed 

to an electrolyte solution at equilibrium, i.e., in the absence of external forces influencing 

transport, an array of countercharged species (cations) accumulates at the area closest 

to the pore-solution (solid-liquid) interface surface to electrostatically offset the charged 

surface potential and as a result, the electrical double layer is formed. 

The solution side of the electrical double layer is made up of several “layers” (Figure 3.1). 

The first, closest to the pore walls, are the immobile, specifically adsorbed counterions of 

the Stern layer.97 Next, a diffuse layer of nonspecifically adsorbed ions extends from the 

Stern layer into the bulk solution. The diffuse layer encompasses the Debye length (λD) 

and the shear plane. 
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Figure 3.1. The classical, Gouy-Chapman-Stern depiction of the electrical double layer 

which encompasses the Stern layer, Debye length and Shear plane. The electrostatic 

potential (φ) which describes the ion distribution along a (negatively charged) pore wall is 

plotted along the x-axis and is mathematically illustrated by the Poisson-Boltzmann 

equation. 

The Debye length is a concentration dependent property of the bulk electrolyte solution 

and provides the characteristic length scale at which electrostatic interactions are 
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screened, and the potential of the pore wall decays 1/e times. The Debye length is given 

by the equation:37 

 

𝜆𝜆𝐷𝐷 = �
𝜀𝜀0𝜀𝜀𝑟𝑟𝑘𝑘𝐵𝐵𝑇𝑇

∑ �𝑧𝑧𝑗𝑗𝑒𝑒�
2
𝑐𝑐𝑗𝑗𝑗𝑗

   eq. (3.1)  

 

where: ε0 is the permittivity of free space, εr, the dielectric constant, kB, the Boltzmann 

constant, T, temperature, zj is the ion valency, e, the elementary charge of an electron, 

and cj, the molar concentration of ion j. For a dilute aqueous (εr = 78.49), 1:1 electrolyte 

solution at 25 °C, this equation can be simplified to: 

 

𝜆𝜆𝐷𝐷 = 0.3 𝑛𝑛𝑛𝑛

�𝑐𝑐𝑗𝑗
   eq. (3.2)  

 

[cj] is in moles/liter (M). As an added example, λD in 100 mM KCl is ~ 1 nm. 

The shear plane, conversely, is the point at which the fluid of the electrical double layer 

becomes "mobile" and shows elastic behavior relative to the stationary pore wall. The 

value of the electrical potential at the shear plane is the zeta (ζ) potential. The ζ is an 

extremely very convenient way to characterize and measure the surface charge density 

of the pore walls.  

Figure 3.1 shows the electrical double layer which includes the Stern layer, shear plane, 

Debye length, and diffuse layer. In this the traditional Gouy-Chapman-Stern model of the 

electrical double layer, the distribution of local electric potential, charge distribution and 

ionic concentrations next to a charged surface is often described by the solution to the 

combination of the Poisson: 

 

𝛻𝛻2𝜑𝜑 = −𝜌𝜌𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝜀𝜀𝑟𝑟𝜀𝜀0

   eq. (3.3) 
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And Boltzmann (distribution): 

 

𝑐𝑐𝑗𝑗 = 𝑐𝑐0(𝑗𝑗) e
𝑧𝑧𝑗𝑗𝑒𝑒𝑒𝑒
𝑘𝑘𝐵𝐵𝑇𝑇    eq. (3.4) 

 

equations resulting in: 

 

𝜑𝜑(𝑥𝑥) = 𝜑𝜑0𝑒𝑒
− 𝑥𝑥
𝜆𝜆𝐷𝐷   eq. (3.5) 

 

where: ρcharge, is the net charge density in the system, and c0(j), the bulk concentration of 

ion j. Mind, the relation in eq. (3.5) is only a good approximation at low potentials, i.e., 

when φ0 ≤ 50/z mV at 25 °C.86 It’s from this framework that we begin to ask questions 

about the structure of the electrical double layer when PET pores are exposed to aqueous 

solutions containing multivalent ions and organic solvents. When exposed to these 

solution matrices, the structure of the electrical double layer changes to great effect and 

forms the basis of this doctoral work. We will discuss the implications of introducing each 

to our system beginning with multivalent ions:  

 

3.2. Non-Classical Electrical Double Layers 

3.2.1 Multivalent Ions 
The Poisson-Boltzmann equation is a simple classical mean field theory that often ignores 

the correlation amongst ions and charged surfaces.9812,99 When a charged surface comes 

in contact with a critical concentration of multivalent counterions that over screen and 

invert the native charge, a phenomena known as charge inversion occurs. As an example, 

a surface with carboxyl or silanol groups become effectively positively charged when in 

contact with calcium (II) or cobalt (III) ions.12,100 In nanopores, charge inversion induces 

a switch between cation selectivity in negatively charged nanopores with monovalent 

salts such as NaCl or KCl, to anion selectivity using multivalent cations.101 Ubiquitous in 

nature, charge inversion is important in processes such as DNA condensation, viral 

packing, and colloidal coagulation. 99,100,102–107 
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The accumulation of counterions on the surface is possible through the spatial correlation 

of counterions that lowers the system’s potential energy and overcomes electrostatic 

repulsion.99 The adsorbed counterions have been postulated to form a strongly correlated 

liquid, like the structure of a Wigner crystal.99,108 This spatial organization of multivalent 

counterions has been directly observed under electron microscopy.109 Thus far, the 

research on charge inversion has been focused primarily on finding the experimental 

conditions where overcharging occurs in nanopores and nanofluidic channels. 

Measurements of electrokinetic phenomena such as streaming current100, open circuit 

potential101 and current-voltage (i-V) curves12,106,110, have identified the critical 

concentration needed to switch the sign of the effective surface charge. However, very 

little is known about how the onset of charge inversion influences ionic transport. 

Especially in nanopores whose opening diameter is comparable to the size of the 

multivalent ions (Figure 3.2). 

 

Figure 3.2. The structure of the electrical double layer when oppositely charged 

multivalent (here, trivalent) ions are exposed to the (negatively charged) PET surface. 

The multivalent ions form a strongly correlated liquid of the trivalent ions which depending 

on the bulk electrolyte concentration will over screen and invert the sign of the pore 

surface potential from negative to positive. 
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3.2.2 Organic Solvents 
Additionally, it has been shown that organic solvents such as acetone, acetonitrile, and 

propylene carbonate, independent of the material used during experimentation, can 

render a material positively charged even though in water, the material is negatively 

charged.39,41,76 All these organic solvents are polar and aprotic. Therefore, they are not 

expected to participate in any Brønsted-Lowry acid-base reactions with the surface 

carboxyl groups of an as prepared PET pore (as an example), to change its surface 

charge. It has been postulated that the positive surface charge in these organic solvents 

originate from the reorganization of the solvent molecules at the solid-liquid interface.25,111 

These ordered solvent molecules form a “bilayer” along the solid interface and specifically 

adsorb cations (e.g., Li+) from the electrolyte solution (Figure 3.3). Since the location and 

density of the adsorbed cations are not limited by the specific chemical, e.g. carboxyl 

groups on the pore walls, it is possible that the surface (negative) charge is screened 

differently from the adsorbed cations than what was previously predicted by the Poisson–

Boltzmann equation.39  
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Figure 3.3. The structure of the electrical double layer when organic solvents (here, 

propylene carbonate) are exposed to an assumed uncharged PET surface. The 

propylene carbonate solvent molecules form an ordered “bilayer” along the pore wall and 

specifically adsorb cations from the electrolyte solution to invert the sign of the pore 

surface potential from negative in aqueous solvents to positive in propylene carbonate 

and other organic solvents. 
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Chapter 4. 
Modes of Transport Through Pores 

4.1. The Nernst-Planck-Stokes Equation 
To understand how ions are transported through pores, we first must consider mass 

transport. The Nernst-Planck-Stokes equation describes the movement and rate of 

species through the pore in response to a chemical, electric, or hydrodynamic gradient. 

Since the measured resistance of a single PET pore is typically in the M Ω regime 

(measured from an i-V curve of a ~800 nm diameter pore), its resistance dominates over 

those in the electrochemical system (conductivity cell bath, Ag/AgCl electrodes). 

Additionally, because of the pores’ high aspect ratio (pore: length/diameter), the access 

resistance of a single pore accounts for < 1% of the total resistance in accordance with 

the equation:112,113  

1
4𝑑𝑑𝜅𝜅

   eq. (4.1) 

where κ is the solution conductivity and d, the pore radius. Therefore, in our equivalent 

circuit model of the electrochemical conductivity cell, we only consider the ion current 

passing through the volume of the pore. The experimentally measured ion current is 

directly proportional to the number of charge carriers in the pore86 and the flux density 

given by the Nernst-Planck-Stokes equation: 

𝑱𝑱𝑗𝑗,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = −𝐷𝐷𝑗𝑗𝜵𝜵𝐶𝐶𝑗𝑗 −
𝑧𝑧𝑗𝑗𝐹𝐹
𝑅𝑅𝑅𝑅
𝐷𝐷𝑗𝑗𝐶𝐶𝑗𝑗𝜵𝜵𝜑𝜑 + 𝐶𝐶𝑗𝑗𝒗𝒗   eq. (4.2) 

for the generalized form of the equation.37,86,114–116 Jj,Total, the flux density, is the number 

of moles of species j being transported through the pore per unit area in a three-

dimensional Cartesian space: 

𝜵𝜵 = 𝒊𝒊 𝛿𝛿
𝛿𝛿𝛿𝛿

+ 𝒋𝒋 𝛿𝛿
𝛿𝛿𝛿𝛿

+ 𝒌𝒌 𝛿𝛿
𝛿𝛿𝛿𝛿

   eq. (4.3) 

for linear (one-dimensional) mass transfer, ∇ = i(δ/δx), j(δ/δy), or k(δ/δz) where i, j, or k 

are the unit vectors along their respective axes and x, y, and z are their distances. Cj is 

the concentration of species j within the pore.  
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Treating each term independently, the modes of mass transport are: (1) diffusion, the 

movement of a species under the influence of concentration gradient. Derived from Fick’s 

first law, diffusion states that at equilibrium, the diffusive flux density of species j is 

proportional to the concentration gradient ∇Cj and Dj, the diffusion coefficient of species 

j. (2) Migration, the movement of a charged species under the influence of an electric 

potential gradient (∇φ). Zj, is the charge of species j. R is the molar gas constant, F, 

Faraday’s constant, and T, the temperature. The migration rate (vep) of an ion in an electric 

field is equal to the product of the field strength (E) and the electrophoretic mobility 

(𝜇𝜇𝑗𝑗
𝑒𝑒𝑒𝑒):117 

𝑣𝑣𝑒𝑒𝑒𝑒 = 𝜇𝜇𝑗𝑗
𝑒𝑒𝑒𝑒𝐸𝐸   eq. (4.4) 

where 𝜇𝜇𝑗𝑗
𝑒𝑒𝑒𝑒 is equal to:  

𝑞𝑞𝑗𝑗
𝑓𝑓

   eq. (4.5) 

where qj is the ionic charge of species j. 𝜇𝜇𝑗𝑗
𝑒𝑒𝑒𝑒 is proportional to qj and inversely proportional 

to the frictional retarding forces (f). The governing frictional forces in liquids is expressed 

by the Stokes equation (f) where rj is the ionic radius of species j and η, the solution 

viscosity:117 

𝑓𝑓 = 6𝜋𝜋𝜋𝜋𝑟𝑟𝑗𝑗   eq. (4.6) 

(3) Convection, the movement of a species under hydrodynamic transport. ν is the 

convective velocity field with which a volume element in solution moves. Hydrodynamic 

transport (convection) can be characterized as either natural (density gradient) 

convection, forced (pressure gradient) convection, or in pores, electroosmotic transport 

due to an applied electric field.37 

The full set of Poisson-Nernst–Stokes are extremely difficult to solve analytically. 

Numerical solutions are often provided; however, electrochemical systems are designed 

so that one or more of the contributions to mass transfer are negligible. For the purposes 

of this work, we typically negate diffusion and mostly consider the migration and 

electroosmotic convection components.  
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4.2. Electroosmosis 
In the presence of an electric field, without a concentration gradient (diffusion), solvated 

counterions within the diffuse layer: cations (negatively charged pore walls) or anions 

(positively charged pore walls) are attracted to the negatively or positively biased working 

electrode and subsequently, drag the bulk electrolyte fluid and any analytes within, from 

one side of the membrane across the volume of the pore. Because of viscous coupling, 

the bulk electrolyte liquid is pumped through the pore and creates an electroosmotic 

(EOF) uniform flat “plug like” flow profile of the solution migrating towards the biased 

working electrode (Figure 4.1). 

 

Figure 4.1. The electrical double layer created by a negatively charged, as prepared (left), 

and a positively charged, PAH modified (right) PET pore with nearby cations (as 

prepared) and anions (modified). The predominance of cations (anions) in the diffuse 

layer produces a net electroosmotic flow towards the negatively (positively) biased 

working electrode when an external (electric) field is applied.  

Equation (4.7) describes the electroosmotic radial velocity flow profile in pores with thin 

electrical double layers.36,118,119 

𝑢𝑢(𝑥𝑥) = 𝜀𝜀0𝜀𝜀𝑟𝑟𝐸𝐸
𝜂𝜂

(𝜑𝜑(𝑥𝑥) − 𝜁𝜁)   eq. (4.7) 

where: u is the streamwise velocity, E, the electric field strength (V/L)39,117, ε0 is the 

permittivity of free space, εr, the dielectric constant, φ is the electrical potential (at distance 
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x from the charged pore walls), and ζ, the zeta potential. Equation 4.7 suggests that the 

electroosmotic velocity flow profile is constant (flat) in large pores since the interior has 

zero electric potential. 

4.3. Approaches to Answering Questions Regarding Transport 
In our discussion thus far, we have introduced cylindrical and conically shaped PET 

pores, our model systems to probe solid-liquid interfaces, and several important concepts 

in the fields of biophysics and electrostatics. Although there are a variety of 

electrochemical measurement techniques researchers have employed to probe and 

study changes in the structure of the solid-liquid interface, like current-voltage curves and 

resistive-pulse sensing25,37,39,41,76,77, there is always a need to continuously advance our 

analytical and technological toolkit, especially when the solid-liquid interface is studied 

under nanoconfinement. By doing so, researchers can continue to ask and answer 

questions about what the structure of the solid-liquid interface is in aqueous (multivalent 

ion) and organic media and the consequences they have on transport. Each of the 

presented approaches here forth are necessary to dealing with and addressing this 

complex problem beginning in aqueous media with multivalent ions: 
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Chapter 5. 
Solid-Liquid Interfaces in Aqueous Media with Multivalent 

Ions: Gating of Ion Current with Charge Inversion 

5.1. Current-voltage curves of single conical nanopores in monovalent KCl 
electrolyte solutions 
We chose conically shaped PET nanopores32,33,49,120 with voltage-dependent ionic 

concentrations as the model system to understand the role of charge inversion in tuning 

ionic transport under nanoconfinement. A conical nanopore with excess surface charges 

rectifies ion current such that currents for one voltage polarity are higher than currents for 

the opposite polarity. In our experimental set-up, the pores were placed between two 

chambers of a custom-built conductivity cell with symmetric electrolyte concentrations. 

The working electrode was placed at the large base opening, and the ground electrode, 

at the small tip opening. An as prepared conically shaped pore with negative surface 

charges will rectify the ion current and exhibit larger current magnitudes for negative 

voltages that source cations from the small tip opening of the pore compared to currents 

of the opposite voltage polarity (Figure 5.1).32,33,49,54,121 A pore with positive surface 

charges conversely, will exhibit a current-voltage (i-V) curve that is inverted with respect 

to the origin point (0, 0) compared to an as prepared pore with negative surface charges. 

The positive currents will be larger in magnitude than negative currents.  

The reason why conically shaped pores rectify ion current is because of the pore shape 

in combination with the surface charges induce a voltage dependence on the 

concentration of ions in the volume of the pore.11,44,54,115 As shown in previous studies122, 

the steep increase of the ion current in a negatively (positively) charged pore at negative 

(positive) voltages originates from the enhanced concentration of cations and anions in 

the region closest to the small tip opening. However, for positive (negative) voltages, there 

is a depletion zone of the ions inside the volume of the pore which ultimately limits the 

cationic (anionic) current flowing through the pore small tip opening. The experimentally 

obtained i-V curves from the conically shaped pores and the way they rectify are sensitive 

to changes in the magnitude, and polarity of the surface charge density, pore opening 
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diameter, and salt concentration which subsequently induces voltage dependent ion 

selectivity.21,54,89,123–127 These unique characteristics make conically shaped pores an 

ideal sensing platform for probing charge inversion and subsequently, the properties of 

solid-liquid interfaces.  

To further exemplify how the surface charge density of a conically shaped pore can be 

inferred from the direction of rectification, control experiments were performed where the 

pore was as prepared and modified using a positively charged polyelectrolyte PAH. The 

sign of the surface charge can be switched by electrostatically adsorbing PAH to the 

negatively charged pore walls. Attachment of the highly charged molecules led to the 

inversion of the current-voltage curve that provided evidence of the successful switch of 

the effective surface charge from negative to positive.21,44 Figure 5.1 shows the transport 

properties of a single conically shaped pore before and after the attachment of PAH. i-V 

curves of a conically shaped pore as prepared (blue trace) and modified with PAH (red 

trace) were recorded in symmetric electrolyte concentrations of KCl. These recordings in 

aqueous KCl were used as a guideline that afforded information about the sign of the 

surface charge density of the pore walls throughout this study with conically shaped 

pores.  
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Figure 5.1. Probing surface charges in a single conically shaped pore by measuring 

current-voltage curves in KCl salt solutions. A pore is placed in a conductivity cell whose 

chambers (~ 1.5 mL) are filled with 100 mM solutions of KCl. (A, B) Schemes showing 

ion transport in the pore as a function of polarity, applied voltage and the surface charge. 

The arrows indicate the direction of cation (A) and anion (B) electrophoretic flow for the 

voltage polarity that produces higher currents. (A) If a pore carries negative surface 

charges due to the surface carboxyl groups (blue negative sign), the direction of 

electrophoresis is determined by the direction of cation migration. At negative voltages, 

cations move from the chamber containing the ground electrode and electrophoretically 

fill the volume of the pore. Conversely, at positive voltages, there is a depletion of cations 

inside the volume. This pore will rectify the current such that negative currents are larger 

in magnitude than positive currents. (B) A pore with positive surface charges due to 

amines on the pore walls (red positive sign) will be filled and depleted with anions at 

positive and negative voltages, respectively. This pore will exhibit higher currents at 

positive voltages than at negative voltages. The direction of electrophoretic flow in this 

pore is determined by the migration of anions. (C) Recordings for a 4 nm tip opening and 

a 720 nm base opening in diameter conically shaped PET pore placed in 100 mM KCl. 

The blue curve was obtained for the pore as prepared. (D) Recordings for the same 4 nm 

(tip opening) and 720 nm (base opening) pore after it had been modified with PAH which 

rendered the pores surface charge positive. All current-voltage curves are averages of 

three forward and reverse scans. The insets show electrode arrangements that 

correspond to negative and positive applied voltages, respectively.  

Additionally, the ion current characteristics of conically shaped pores are dependent on 

the salt electrolyte concentration and the small tip opening diameter. Figure 5.2 shows i-

V curves for a conically shaped pore with a 14 nm diameter small tip opening in four 

different concentrations of KCl. In 0.1 mM and 1 mM KCl, the pore rectifies weakly and 

only in the two highest concentrations (10 and 100 mM), does the pore rectify such that 

the negative currents are ~ 3 times larger in the magnitude than the positive currents. 

This non-intuitive dependence of the current rectification on ion concentration was 

reported before and explained by the inability of the depletion zone to be formed when 

the electrical double-layer spans over a large portion of the pore cross-sectional area at 
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the tip region. When the KCl concentration increases from 1 mM to 10 mM, the current at 

- 2 V increases ~ 5 times while at + 2 V, the positive current only increases ~ 2 times. As 

the concentration of KCl increases to 100 mM, the currents at both voltage polarities 

increase by a factor of 2. It is noted that in all cases, the ion current is significantly greater 

than the calculated value when the pore volume is filled with the bulk solution which in 

addition to the dependence of the ion current rectification on the bulk electrolyte 

concentration agrees with previous reports.123 These findings suggest that the local 

surface charges at the small tip opening of the pore walls dominate pore transport 

properties and the extent at which the ion current rectifies.  

 

Figure 5.2. Current-voltage curves of a single as prepared conical nanopore with a tip 

opening of 14 nm and a base opening diameter of 640 nm recorded in various 
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concentrations of KCl as indicated in the figure. All current-voltage curves are averages 

of three forward and reverse scans.  

Figure 5.3 shows i-V curves for the same 14 nm conically shaped pore modified with PAH 

and recorded at various concentrations of KCl. As expected, all the i-V curves were 

reversed such that with the same electrode configuration, the positive ion currents are 

greater than negative ion currents. 

 

Figure 5.3. Current-voltage curves of a single conical nanopore modified with PAH with 

a tip opening of 14 nm and a base opening diameter of 640 nm recorded in various 

concentrations of KCl as indicated in the figure (the same nanopore as in Figure 2). All 

current-voltage curves are averages of three forward and reverse scans.  
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5.2. Studying charge inversion of nanoconfined single conical pores in trivalent 
tris(ethylenediamine)chromium(iii) sulfate electrolyte solutions 

Next, as prepared track-etched single conically shaped PET nanopores were exposed to 

a set of tris(ethylenediamine)chromium(iii) sulfate salt solutions. The i-V curves were 

recorded in the voltage ranges between - 2 V and + 2 V. For the purposes of this 

manuscript and all theoretical calculations here forth, we assume the diameter of 

tris(ethylenediamine)chromium(iii) to be the same as cobalt(III) sepulchrate chloride 

(CoSep) used in our earlier experiments: 0.89 nm.12  

The main questions we wanted to address with this work are as following. How does 

charge inversion influence the conductance of conically shaped nanopores with small tip 

diameters between in tens of nanometers? More specifically, is it possible that when the 

pore diameter is less than 10 nm, the accumulation of trivalent ions in the pore is hindered 

such that charge inversion is prevented? In this regime, is the volume of the conically 

shaped nanopore unable to be filled with a high concentration of bulky Cr3+ and SO42- 

ions? Does the accumulation of the bulky ions lead to current blockage? And lastly, does 

the extreme nano-confined geometry of the conically shaped pore interfere with and 

prevent charge inversion from happening? 

For charge inversion to occur, a certain concentration threshold of multivalent ions in the 

bulk solution must be met and the potential of the Stern layer, must overcompensate the 

potential of the bare surface charge density. This concentration threshold, c0, can be 

calculated using the following equation:99  

𝑐𝑐0 = � 𝜎𝜎𝑏𝑏
2𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑍𝑍𝑍𝑍

� 𝑒𝑒
𝜇𝜇𝑐𝑐
𝑘𝑘𝑘𝑘    eq. (5.1) 

where: rion is the ionic radius, σb, the bare pore surface charge density, Z, the ion valency, 

e is the elementary charge of an electron, kB, the Boltzmann constant, T is temperature, 

and μc, the chemical potential that accounts for the spatial interactions between 

multivalent ions in the Stern layer. The chemical potential is equal to:  

𝜇𝜇𝑐𝑐 = −𝑘𝑘𝐵𝐵𝑇𝑇(1.65𝛤𝛤 − 2.61𝛤𝛤
1
4 + 0.26𝑙𝑙𝑙𝑙𝛤𝛤 + 1.95)   eq. (5.2) 
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where Γ, also commonly referred to as the Coulomb coupling constant, is the interaction 

parameter between the multivalent ions in the Stern layer and is defined as:  

𝛤𝛤 = 1
4𝑘𝑘𝐵𝐵𝑇𝑇𝜀𝜀0𝜀𝜀𝑟𝑟

��𝑒𝑒
3𝑍𝑍3𝜎𝜎𝑏𝑏
𝜋𝜋

�   eq. (5.3) 

where εr is the dielectric constant and ε0, the permittivity of free space.  

In addition to cbulk > c0 (|𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆| > |𝜎𝜎𝑏𝑏|), Γ ≥ 1 for charge inversion to occur and is typically 

achieved when Z ≥ 2. For example, in KCl, Γ = 0.9 compared to 

tris(ethylenediamine)chromium(iii) sulfate where Γ = 4.6.103 This makes KCl and other 

similar monovalent electrolytes at room temperature, unable to form spatial correlations 

and undergo charge inversion. This theoretical calculation is also consistent with 

experimental data where charge inversion has not been reported in KCl. Furthermore, 

previous reports point to the use of divalent (Z = 2) and trivalent (Z = 3) salts to investigate 

charge inversion.12 However, in the case of salts with divalent or trivalent cations, if cbulk 

< c0 (|𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆| < |𝜎𝜎𝑏𝑏|), the effective surface charge of the pore walls will remain negative. 

Increasing cbulk (= c0) does lead to the effective surface charge being neutralized 

(|𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟| = |𝜎𝜎𝑏𝑏|), and eventually, over screened (cbulk > c0) which is when the effective 

surface charge of the pore walls switches sign (Figure 5.4), and the measured i-V curve 

is completely inverted. 

 

Figure 5.4. Sketch of the electrostatic potential φ as a function of the distance x from a 

surface with constant σb for the cases: c < c0 (no charge inversion), c = c0 (neutralization 

of the surface charge), and c > c0 (charge inversion). Here, ds is the distance of the Stern 

layer. 
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The reason why the effective surface charge changes from negative to positive is 

because of the strongly correlated liquid that’s formed by divalent or trivalent cations at 

the negatively charged interface of the as prepared pore walls. In the strongly correlated 

liquid model, positions of cations at the pore surface are laterally correlated in such a 

manner that they create a structure that resembles a Wigner crystal of electrons. The 

organization of the multivalent cations lowers the potential energy of the system, 

overcomes their electrostatic repulsion, and makes charge inversion thermodynamically 

favorable. 

Utilizing equation 5.1, we predict the minimum threshold concentration needed to induce 

charge inversion and onset the reversal of the surface charge density (c0) to be 0.6 mM 

tris(ethylenediamine)chromium(iii) sulfate assuming σb is equal to |-80| mC/m2. Figure 5.5 

shows i-V curves and current-time series of a single conically shaped nanopore with a 25 

nm small opening diameter recorded in various concentrations of 

tris(ethylenediamine)chromium(iii) sulfate. All i-V curves were obtained by averaging the 

current-time series signals. At 0.1 mM tris(ethylenediamine)chromium(iii) sulfate, the 

nanopore behaves like an ohmic resistor exhibiting a linear i-V curve (Figure 5.5 A). This 

recording suggests that the effective surface charge is neutralized even though, 0.1 mM 

is below the concentration threshold needed to induce charge inversion. This means that 

at these experimental conditions, the pore walls are still expected to be negatively 

charged. The linear i-V curve, however, originates from the voltage enhanced 

concentration of cations in volume of the conically shaped nanopore. Therefore, the pore 

walls are in contact with an effectively greater concentration of cations than 0.1 mM. It is 

noted though, that at 0.1 mM, the pore conductance (blue curve in Figure 5.5 A) is very 

similar to the value calculated based on the bulk conductivity of the 

tris(ethylenediamine)chromium(iii) sulfate salt and the pore geometry. This result 

indicates that the correlated Cr3+ ions do not induce any steric effects on the measured 

current.  
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Figure 5.5. Current-voltage curves and current-time series (1.8 V) of a single conically 

shaped nanopore with a tip opening of 25 nm recorded in various concentrations of 

tris(ethylenediamine)chromium(iii) sulfate as indicated in the figure. The recordings were 

performed at pH 8 with symmetric concentrations of tris(ethylenediamine)chromium(iii) 

sulfate on both sides of the conductivity cell. The base opening of this pore was 680 nm. 

Histograms of the ion current values are shown to the right. The currents in blue 

correspond to calculated values assuming the pore is filled with the bulk solution of 0.1 

mM, 1 mM, and 10 mM Cr3+ respectively. 

When the bulk concentration of tris(ethylenediamine)chromium(iii) sulfate reaches 1 mM, 

the directionality of the i-V curve is inverted (Figure 5.5 B), compared to KCl in a 

negatively charged as prepared pore (Figure 5.1 C), suggesting that the pore walls 

became effectively positively charged, and the pore is now anion selective. The existence 

of the effective positive surface charge at this concentration agrees with the theoretical 

prediction that charge inversion is expected to occur when the bulk concentrations reach 

0.6 mM. The i-V curve also has the same direction of rectification as the recording 

obtained using symmetric concentrations of KCl for a positively charged pore modified 

with PAH (Figure 5.1 D). These findings are in agreement with previous experimental 
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results showing the switching of the selectivity and surface charge polarity (from negative 

to positive) of silicon dioxide nanochannels and PET nanopores using another trivalent 

cation, CoSep.12,100 This further illustrates the consistency between the experimentally 

obtained, multivalent data and the theoretical strongly correlated liquid model. 

It is at 1 mM tris(ethylenediamine)chromium(iii) sulfate however, that we start to see some 

additional transport properties, such as hysteresis and ion current instabilities. The 

hysteresis in Figure 5.5 B is especially pronounced at positive potentials above 1 V. As 

the voltage is scanned in the forward direction, from - 2 V to + 2 V, the positive currents 

are larger in magnitude than when the voltage is scanned in the opposite direction from 

+ 2 V to - 2 V. The ion currents at high positive voltages exhibited fluctuations in time. It 

is also noted, that when the tris(ethylenediamine)chromium(iii) sulfate concentration 

increases from 0.1 to 1 mM, the current at positive voltages increased by a factor of two, 

and the currents at negative voltages, remain unchanged. Although the pore resistance 

for positive voltages is nonlinear for the forward direction, the average current is close to 

the value calculated based on the bulk conductivity (blue curve in Figure 5.5 B). The 

values of negative currents conversely, are much lower than expected. As the 

concentration of tris(ethylenediamine)chromium(iii) sulfate is increased to 10 mM, the way 

in which the ion current rectifies becomes more pronounced, and the positive ion current 

again increases nonlinearly with the increasing voltage for both the forward and reverse 

scans. At this concentration, the positive currents are much higher than what is predicted 

based on the bulk conductivity. This suggests that the higher concentration of Cr3+ ions 

lead to a higher effective positive, surface charge density on the pore walls, an 

accumulation of accumulations of mobile SO42- ions, and an enhanced ion conductance.  

The 25 nm nanopore is sufficiently large enough that the finite size of the Cr3+ and SO42- 

ions do not need to be considered to explain the i-V measurements. However, smaller 

nanopores will be probed and the recorded ion current will be influenced by two opposite 

effects. The first being correlated Cr3+ ions that can lead to steric hindrance such that 

their layer effectively diminishes the small tip opening pore diameter. The second, is the 

increase of the local positive charge as more Cr3+ get adsorbed, leading to the 

accumulation of negative SO42- and a higher overall conductance. It is noted that these 



32 
 

two effects become more evident as the applied voltage increases. The increased ion 

current instabilities at the higher positive voltages in 1 mM and 10 mM 

tris(ethylenediamine)chromium(iii) sulfate might, we believe, stem from the steric effects 

of the accumulated ions, as we will discuss in more detail below. 

Figure 5.6 shows i-V curves and examples of the ion current in time signals for a conically 

shaped nanopore that has 10 nm tip opening diameter. This pore exhibits charge 

inversion at the lowest probed concentration, 0.1 mM tris(ethylenediamine)chromium(iii) 

sulfate, a concentration that is six times lower than the value predicted by eq. 5.1. 

 

Figure 5.6. Current-voltage curves and current-time series (2 V) of a single conically 

shaped nanopore with a tip opening of 10 nm recorded in various concentrations of 

tris(ethylenediamine)chromium(iii) sulfate as indicated in the figure. The base opening of 

this pore was 1 μm. Histograms of the ion current values are shown to the right. The 

currents in blue correspond to calculated values assuming the pore is filled with the bulk 

solution of 0.1 mM, 1 mM, and 10 mM Cr3+ respectively. 

As the concentration increases to 1 and 10 mM, the ion current rectification becomes 

more pronounced. Interestingly, the average currents for the positive voltages at all the 
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examined concentrations are greater than all the values calculated based on bulk 

conductivity, suggesting that the enhanced local concentration of ions, and not the steric 

effects, dominated the transport properties of the nanopore. Smaller conical nanopores, 

induce a greater enhancement of the local ionic concentration at positive voltages than a 

wider, much larger nanopore.123 Consequently, positive currents in the 10 nm pore are 

more pronounced than positive currents in the 25 nm nanopore.  

This pore, however, exhibited significant fluctuations of the ion current in time. At 1 mM 

and 10 mM, the pore switched between being closed to a finite set of open state values 

(Figure 5.6 B & C). We postulate that the ion current fluctuations originate from the 

voltage-dependent accumulation of Cr3+ ions in the volume of the pore, and the voltage 

dependent surface charge density caused by the correlated ions. We hypothesize that 

once the correlated ions reach a maximum surface density, the correlated liquid structure 

becomes unstable and is released from the surface, allowing the Cr3+ accumulation to re-

start. We believe that the ion current fluctuations can be explained the following way: As 

the density of correlated Cr3+ ions on the surface increases, the current increases due to 

the rise of mobile SO42- ions. The release of the unstable correlated liquid structure 

conversely, will be observed as an instantaneous decrease of the ion current.  

Figure 5.7 shows the transport properties of a 6 nm in diameter conically shaped 

nanopore. Analysis of the i-V curves suggests that the enhancement of the ion current at 

positive voltages in 0.1 mM and 1 mM tris(ethylenediamine)chromium(iii) sulfate is weaker 

than what we saw in the 10 nm pore, and at 10 mM tris(ethylenediamine)chromium(iii) 

sulfate charge inversion was no longer observed. These recordings indicate that we start 

to observe the effect of steric hindrance in the i-V curves. The steric hindrance can cause 

a decreased density of correlated Cr3+ ions on the surface and a decrease of the effective 

opening diameter of the pore that the Cr3 ions cause. In 0.1 mM 

tris(ethylenediamine)chromium(iii) sulfate, there also seems to be a threshold for the 

positive voltages’ ability to transport ions in the forward bias direction together with a 

strong hysteresis.  
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Figure 5.7. Current-voltage curves and current-time series (1.2 V) of a single conically 

shaped nanopore with a tip opening of 6 nm recorded in various concentrations of 

tris(ethylenediamine)chromium(iii) sulfate as indicated in the figure. The base opening of 

this pore was 1040 nm. Histograms of the ion current values are shown to the right. The 

currents in blue correspond to calculated values assuming the pore is filled with the bulk 

solution of 0.1 mM, 1 mM, and 10 mM Cr3+ respectively. 

This phenomenon of prohibited current flow under extreme confinement is further 

exemplified with the 4 nm pore. Particularly, when the nanopore was sampled at 0.1 mM 

tris(ethylenediamine)chromium(iii) sulfate where it exhibited a conductance that is again 

less than what is expected from bulk conductivity and the current-voltage curves are linear 

(Figure 5.8 A). Increasing the bulk concentration to 1 mM 

tris(ethylenediamine)chromium(iii) sulfate did not lead to an increased current (Figure 5.8 

B). The most surprising observation from this pore was the lack of charge inversion even 

at 10 mM, where the nanopore rectifies as if the pore is still negatively charged (Figure 

5.8 C). This suggests that when the pore diameter is less than 5 nm, the local Cr3+ 

concentration and effective surface charge might be a strong function of the pore opening 

diameter. 
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Figure 5.8. Current-voltage curves and current-time series (1.8 V) of a single conically 

shaped nanopore with a tip opening of 4 nm recorded in various concentrations of 

tris(ethylenediamine)chromium(iii) sulfate as indicated in the figure. The base opening of 

this pore was 720 nm. Histograms of the ion current values are shown to the right The 

currents in blue correspond to values calculated assuming the pore is filled with the bulk 

solution of 0.1 mM, 1 mM, and 10 mM Cr3+, respectively. 
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Chapter 6. 
Solid-Liquid Interfaces in Organic Solvents: Enhanced 
Electroosmosis in Propylene Carbonate Salt Solutions 

A pore with excess surface charges placed in a salt concentration gradient will induce 

electroosmotic flow: for one voltage polarity the pore will be filled with the more 

concentrated solution and for the opposite polarity, the less concentrated solution.81 Such 

pore exhibits conductance that is dependent on the polarity of the applied voltage the 

surface charges of the pore walls, and ultimately, rectifies the ion current. Much like our 

earlier findings41, the PET pores reported here are shown to switch their surface potential 

from negative in an aqueous LiClO4 concentration gradient to positive in a propylene 

carbonate salt concentration gradient. To further quantify the negative surface 

potential/charge in water, and the positive surface potential/charge in propylene 

carbonate, we utilized the resistive-pulse technique. Using largely uncharged polystyrene 

particles as a probe, we measured their electroosmotic velocity in single PET pores in 

water and propylene carbonate as a function of applied voltage.37 These measurements 

allowed us to determine the polarity of the surface potential of the pore walls and estimate 

the zeta potential of the polymer wall/solution (solid-liquid) interface. Our results revealed 

that in propylene carbonate solutions, the electroosmotic transport was not only reversed, 

but also significantly enhanced compared to the recordings in water.  

6.1. Current-voltage measurements in aqueous and propylene carbonate LiClO4 
solutions 
When a cylindrical pore with as prepared, negative or PAH modified, positive surface 

charges is placed in contact with two solutions of differing concentrations and thus, 

differing conductivities, the recorded i-V curves rectify. Ion current rectification here, 

stems from electroosmosis that depending on the voltage polarity, fills the pore with a 

solution of higher or lower conductivity.37,41,81 Pores with negative surface charges and 

pores with positive surface charges on the walls are expected to exhibit distinct current-

voltage curves that are symmetric with respect to the origin of the coordinate system 

(Figure 6.1). Figure 6.1 shows i-V curves of a single 660 nm cylindrical PET pore placed 

in contact with a 20 mM and 200 mM concentration gradient of LiClO4. These initial 
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measurements were performed with LiClO4 due to the salt being soluble in a variety of 

different solvents. 

 

Figure 6.1. Probing surface charges in a single pore by measuring the current-voltage 

curves in a salt concentration gradient. A pore is placed in a conductivity cell whose 

chambers are filled with solutions of LiClO4 but at different concentrations, in this case 20 

mM and 200 mM. (A, B) Schemes showing ion concentration in the pore as a function of 

polarity, applied voltage and the surface charge. The darker blue color indicates 200 mM 

LiClO4 and the lighter blue, 20 mM LiClO4. The arrows indicate the direction of 

electroosmosis. (A) If a pore carries negative surface charges, the direction of 

electroosmosis is determined by the direction of cation migration. At positive voltages, 

cations move from the chamber with 200 mM LiClO4 and electroosmotically drags the 

solution into the pore. Conversely, at negative voltages, cations are sourced from 20 mM 

LiClO4, and the pore will be filled with the less concentrated solution. This pore will rectify 

the current such that positive currents are larger than negative currents. (B)  A pore with 

positive surface charges will be filled 20 mM (200 mM) LiClO4 at positive (negative) 

voltages. This pore will exhibit higher currents at negative voltages than positive voltages. 

The direction of eletroosmosis in this pore is determined by the migration of anions. (C) 

Recordings for a 660 nm diameter PET pore placed in a concentration gradient of 20 and 

200 mM LiClO4 solutions of water. The blue curve was obtained for the pore as prepared, 
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while the red curve was recorded after the pore had been modified with PAH that rendered 

the surface charge positive. (D) Recordings for the same 660 nm pore as prepared in a 

propylene carbonate 20 and 200 mM LiClO4 concentration gradient. All current-voltage 

curves are averages of three scans.  

For an unmodified pore in contact with aqueous solutions, when the working electrode is 

placed into the solution of higher conductivity (200 mM LiClO4), and the ground electrode 

into the solution of lower conductivity (20 mM LiClO4), cationic (Li+) current will 

electroosmotically fill the pore with the 200 mM LiClO4 solution at positive potentials and 

with the 20 mM solution at negative potentials (Figure 6.1 A). The measured ion current 

is directly proportional to the solution conductivity and number of charge carriers in the 

pore.86 Therefore, a pore as prepared in aqueous solutions will exhibit an ion current 

rectification wherein currents at positive voltages are greater than currents at negative 

voltages (Figure 6.1 A and the blue recording in Figure 6.1 C). Conversely, after PAH 

modification, anionic (ClO4-) current electroosmotically fills the pore with the solution of 

higher conductivity at negative potentials, and the solution of lower conductivity at positive 

potentials (Figure 6.1 B). Therefore, a pore with a positive surface charge exhibits larger 

currents at negative voltages than at positive voltages (Figure 6.1 B and the red recording 

in Figure 6.1 C). The experiments performed in Figure 6.1 C exemplify how the polarity 

of the surface potential this time, of a cylindrically shaped PET pore can be deduced from 

the direction of rectification observed in experimentally obtained i-V curves recorded with 

the salt electrolyte concentration gradient.  

The same unmodified pore as shown in Figure 6.1 C was also tested using a 20- and 

200-mM concentration gradient of LiClO4 in propylene carbonate. The i-V curve of the as 

prepared pore in propylene carbonate solutions of LiClO4 (Figure 6.1 D) has the same 

direction of rectification as the i-V curve of the positively charged pore probed using the 

aqueous salt concentration gradient (red curve in Figure 6.1 C). These recordings 

suggest that the same pore that was negatively charged in water, became positively 

charged in the organic solvent. These findings agree with our previous results showing 

the positive surface charge of PET41 and polycarbonate pores in propylene carbonate salt 

solutions.25 
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The method of probing the surface charge polarity via ion current rectification and salt 

concentration gradients is applicable to pores of any size and/or shape. However, it does 

not provide any quantitative information on the surface charge density or magnitude of 

the surface potential. To compare the electrochemical properties of the PET-liquid 

interface in water and propylene carbonate, we performed resistive-pulse experiments 

where individual polystyrene particles were electrokinetically transported through a single 

PET pore. 

6.2. Resistive-pulse measurements in aqueous LiClO4 solutions 
In the resistive-pulse sensing, transmembrane electric potential (or pressure difference) 

causes the passage of individual objects through a pore that is detected as a transient 

change of the transmembrane current, called a pulse or event.128 The amplitude, duration 

as well as local ion current characteristics of each pulse affords information about the 

physical and chemical properties of the analyte.80,129,130 However, in situations where the 

analyte is known, e.g., when a particle is of known size and shape, the recorded current 

resistive-pulse events can be used to inform us about the geometry of the pore used in 

the experiments. The shape of the ion current pulses reveals e.g., the conical shape of a 

pore72,131, or the existence of local inhomogeneities in the pore opening.80,132,133  

Resistive-pulse measurements were initially performed in water to characterize and verify 

that the direction of electroosmotic translocation agreed with the surface charge of the 

PET pores. Experiments were performed with as prepared, single PET pores with 

negative surface charges and pores subjected to PAH modification (Figure 6.2 A, B). We 

began experimenting with aqueous KCl solutions since resistive-pulse measurements in 

this electrolyte are best understood and characterized.71,129,134–136 In our first experiment, 

we used unfunctionalized i.e., mostly uncharged, 400 nm polystyrene beads suspended 

in 100 mM KCl and 0.001 % v/v TWEEN 20. The concentration of the particles was ~109 

particles/mL. The particles are largely uncharged as elucidated from their low, few mV 

magnitude zeta (ζ) potential.137 The particle suspension was placed on one side of the 

conductivity cell with the ground electrode. The other side of the pore was in contact with 

the same salt/TWEEN solution without particles (Figure 6.2 A, B).  
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Figure 6.2. Resistive-pulse experiments in 100 mM aqueous solution of KCl using 400 

nm diameter unfunctionalized polystyrene particles. Measurements were performed with 

single cylindrically shaped PET pores with a negative surface charge (A), and a positive 

surface charge when modified with PAH (B). (A, B) The direction of electroosmotic flow 

is marked with an arrow for the voltage polarity that is expected to bring the solution 

containing particles into the pore. (C) Measurements of the ion current in time series 

through an as prepared 1 μm diameter PET pore at +/- 500 mV. This pore was negatively 

charged. (D) Ion current time series for a 1.2 μm diameter pore modified with PAH at +/- 

500 mV. (E, F) Example shapes of ion current pulses. (G) Analysis of the pulses for the 

recordings shown in the panel (C). (H) Analysis of pulses through a different pore with an 
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opening diameter of 870 nm used to electroosmotically translocate 400 nm diameter 

particles at different transmembrane potentials. This pore was negatively charged. 

Figure 6.2 C shows ion current signals in time recorded with a pore as prepared that had 

an effective opening diameter of 1 μm. Recordings with another pore with an effective 

opening diameter of 1.2 μm that had been modified with PAH is also shown in Figure 6.2 

D. Both pores were tested at +/- 500 mV. Distinct ion current pulses were observed for 

the negatively charged pore only at negative transmembrane potentials and for the 

positively charged pore, at positive voltages. The particles only translocated through the 

pores for the voltage polarities that electroosmotically brought the solution with particles 

into the pores (Figure 6.2 A, B). The direction of electroosmotic translocation agrees with 

the surface charge of the pores’ walls. By which, a pore with a negative (positive) surface 

charge exhibits particle translocation in the direction determined by cation (anion) flow. 

The absence of measurable ion current pulses in the opposite (electrophoretic) direction 

further validates the notion that the polystyrene particles used throughout experimentation 

were largely uncharged. Figure 6.2 E & F shows examples of zoomed in ion current 

pulses recorded for the two examined pores using the 400 nm particles. The presence of 

current undulations within each pulse agrees with earlier reports showing the pores 

exhibiting an undulating diameter along the axis.80,132 The repeatable signature of the 

current pulses also allows us to confirm that the pulses correspond to the particles’ 

complete translocation, and not approaches to the pore opening without successful 

passages. 

The relative amplitude of the ion current pulses, ΔI/Ip, is known to be a function of the 

particle, d, and the pore, D, diameters:71,128 

𝑅𝑅𝑝𝑝−𝑅𝑅𝑒𝑒
𝑅𝑅𝑒𝑒

= 𝐼𝐼𝑒𝑒−𝐼𝐼𝑝𝑝
𝐼𝐼𝑝𝑝

= 𝑑𝑑3

𝐷𝐷2(𝐿𝐿+0.8𝐷𝐷)
 𝑆𝑆 �𝑑𝑑

𝐷𝐷
�   eq. (6.1) 

where: Rp and Re (Ip and Ie), indicate the electrical resistance (ion current) of the system 

with and without a particle in the pore, respectively, and L is the pore length. The 

expression 0.8D accounts for the access resistance of the pore.112,113,138 The 

proportionality coefficient, 𝑆𝑆 �𝑑𝑑
𝐷𝐷
�, is the so-called shape factor and has the following 

form:128 
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�
3
�
−1

   eq. (6.2) 

Figure 6.2 G & H shows the analysis of the relative current decrease (the events) 

associated with the passage of the 400 nm particles through the negatively charged single 

pores. The magnitude of the experimentally observed current change, ΔI/Ip, correlates 

very well with the magnitude predicted by eq. (6.1) at all the examined voltages 

suggesting that the particles do translocate individually and do not undergo aggregation.  

Resistive-pulse experiments were also performed in an aqueous solution of LiClO4, the 

salt used in the propylene carbonate experiments. Figure 6.3 A-D shows examples of 

pulses obtained in 100 mM LiClO4 and compares them with recordings in 100 mM KCl for 

the same pore. The passage of particles only occurred at negative voltages in KCl and 

LiClO4. This confirms that the pore was negatively charged in the presence of K+ and Li+. 

At negative voltages, our electrode configuration sources cations from the side of the pore 

that contains the particle suspension, enabling particle passage. The amplitude of the ion 

current pulses in both salts correlated well with one another. Example ion current pulses 

shown in Figure 6.3 C & D indicate that the passage velocities of the particles in KCl and 

LiClO4 are similar further suggesting that the PET-liquid interface in these two salts are 

comparable. The event duration time is analyzed in detail below. 
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Figure 6.3. Transport of 400 nm polystyrene particles in aqueous solutions of 100 mM 

KCl (left panels) and 100 mM LiClO4 (right panels). All measurements were performed 

with an 860 nm diameter pore. (A, B) Ion current signal in time at -750 mV with events 

indicating translocating particles. (C, D) Example zoomed-in ion current pulses. (E, F) 

Analysis of pulses shown in (A, B), together with the theoretical value calculated based 

on eq. (6.1). 

6.3. Resistive-pulse measurements in propylene carbonate LiClO4 solutions 
Resistive-pulse measurements were also performed in a 200 mM LiClO4 solution in 

propylene carbonate to further probe how the organic solvent affects the surface charge 

of the PET pores, and to substantiate the results obtained in Figure 6.1. With a similar 

experimental set-up as used with the aqueous solutions (Figures 6.2 & 6.3), 400 nm 

polystyrene particles were suspended in a 200 mM LiClO4 propylene carbonate solution 

with 0.05 % v/v TWEEN 80. We used 200 mM (LiClO4) as the concentration of the 

background electrolyte due to the significantly reduced conductivity of propylene 

carbonate salt solutions. The increased salt concentration (compared to 100 mM KCl in 
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water) allowed us to increase the signal of the ion current and the current change due to 

particle translocation.  

To probe the surface charge of an as prepared PET pore in the propylene carbonate 

LiClO4 solution, the suspension containing the uncharged 400 nm diameter polystyrene 

particles were once again placed into the chamber of the conductivity cell containing the 

ground electrode (Figure 6.4 A). This allowed the surface charge of the PET pore to be 

elucidated from the directionality of electroosmotic translocation of the particles. Figure 

6.4 B shows ion current recordings observed at positive and negative voltages (+/- 1 V). 

The measurements revealed that the particles translocated through the pore only at 

positive voltages. This suggests that the surface charge of the PET pore became positive 

since positive voltages can bring the particles into the pore only if the direction of 

electroosmotic flow is determined by negative ions, much like the recordings in Figure 6.2 

D. The results shown in Figure 6.4 also indicate a larger variability of the pulse amplitude 

compared to the recordings in water. The 1 μm pore used in these experiments is the 

same pore as in Figure 6.2 C, E & G. The similar shapes of the ion current pulses in 

aqueous (Figure 6.2 E) and propylene carbonate (Figure 6.4 C) based solutions also 

suggests that the particles successfully translocated in both media. 
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Figure 6.4. Resistive-pulse experiments with 400 nm particles in a 200 mM solution of 

LiClO4 in propylene carbonate. (A) Measurements were performed with an unmodified, 

as prepared, 1 μm diameter PET pore and particles present in only one chamber of the 

conductivity cell. The experiments point to the presence of a positive surface charge on 

the pore walls. (B) Ion current time series recorded at +/- 1 V and the respective magnified 

resistive-pulse event (C). (D) Average amplitude of ion current pulses at different 

voltages. (E) Example histogram of ΔI/Ip at 1 V. The pore used in these experiments is 

the same as the pore shown in Figure 6.2 C. 

Recordings of the ion current in propylene carbonate were subjected to a similar analysis 

as performed in Figure 6.2 G & H. Figure 6.4 D shows that the average amplitude of the 

ion current pulses at the three magnitudes of applied voltage is consistent with the 

predicted ΔI/Ip. However, histograms of the experimentally measured amplitude of the 

events (Figure 6.4 E at 1 V) reveal the presence of ΔI/Ip values that are twice the 

theoretical prediction. These large values of ΔI/Ip suggest that the particles might have 

undergone aggregation in propylene carbonate.  
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The hypothesis of the particles aggregating in solution is also supported by the 

observation that their translocations would typically be recorded within the first ~20 

minutes of introducing the particles into the solution. Moreover, DLS experiments 

performed with suspensions of these particles in 200 mM LiClO4 propylene carbonate 

did not yield any tangible results concerning the particles’ size due to the large 

polydispersity index (≥ ~0.3) that increased with the measurement time. 

Lastly, we confirmed that exposure of PET pores to propylene carbonate-based solutions 

did not change the effective pore opening. Current-voltage curves of an 860 nm diameter 

pore in 1 M KCl before and after exposing it to a 200 mM LiClO4 propylene carbonate 

solution with 0.05 % v/v TWEEN 80 are nearly identical to one another. This suggests 

that the pore did not undergo swelling or any other changes that would alter its effective 

opening. We would also like to note that the average ΔI/Ip recorded in propylene 

carbonate agrees well with the theoretically predicted value, providing evidence that the 

particles did not undergo swelling in the organic solution either. 

6.4. Quantification of the zeta potential in aqueous and propylene carbonate LiClO4 
solutions  
The voltage polarity at which the particles translocate through the pore informs us about 

the polarity of the surface charges on the pore walls. In a negatively (positively) charged 

pore, the particles are transported in the direction of electroosmotic flow as determined 

by the cations (anions) in solution. To quantify the magnitude of the surface potential, we 

analyzed in detail the duration of the ion current pulses, which is a measure of the 

particles’ translocation velocity. From the Einstein-Smoluchowski equation, the velocity 

of each resistive-pulse event can be related to the zeta (ζ) potential of the pore walls 

through the following relation:37  

𝜈𝜈𝐸𝐸𝐸𝐸𝐸𝐸 = 𝜀𝜀0𝜀𝜀𝑟𝑟𝜁𝜁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸
𝜂𝜂

   eq. (6.3) 

where: νEOF is the electroosmotic velocity of the particles, ε0, the permittivity of free space, 

εr is the dielectric constant, ζPore, the zeta potential of the pore wall, E is the electric field 

strength, and η, the solution viscosity. Equation (6.3) assumes that the particles are 

uncharged. Note that ζPore is the potential at the shear plane. The value of ζPore is expected 
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to be less than the electric potential at the surface.38 Acknowledging that, 𝜈𝜈𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐿𝐿
𝑡𝑡
 where: 

t is the resistive-pulse event duration time, and knowing that 𝐸𝐸 = 𝑉𝑉
𝐿𝐿

117, one obtains: 

 𝐿𝐿
𝑡𝑡

= 𝜀𝜀0𝜀𝜀𝑟𝑟𝜁𝜁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑉𝑉
𝜂𝜂𝜂𝜂

    eq. (6.4) 

Rearranging equation 6.4 allows one to plot the duration of resistive pulses as a function 

of the inverse applied voltage:130  

𝑡𝑡 = 𝜂𝜂𝐿𝐿2

𝜀𝜀0𝜀𝜀𝑟𝑟𝜁𝜁𝑃𝑃𝑃𝑃𝑟𝑟𝑒𝑒𝑉𝑉
    eq. (6.5) 

Figure 6.5 A shows the event duration time measured in 100 mM aqueous LiClO4 using 

the same pore as shown in Figure 6.3. The magnitude of ζPore for the PET pore walls in 

the aqueous solution was calculated to be -4 ± 1 mV. This value agrees with earlier 

reports on the decreased zeta potential in concentrated salt solutions.37,139 The measured 

ζPore in 100 mM KCl for the same pore was also ~ -4 mV. 

 

Figure 6.5. Duration of the ion current pulses as a function of inverse voltage measured 

in (A) 100 mM LiCO4 (water), and (B) 200 mM LiClO4 (propylene carbonate). Recordings 

in panel (A) were performed with the same 860 nm pore as shown in Figure 3. Recordings 

in panel (B) were with the same 1 μm pore as in Figure 6.4. 

Figure 6.5 B shows the data set of the event duration time plotted as a function of the 

inverse voltage in propylene carbonate. The first striking difference between the results 

in water and propylene carbonate is the independence of the event duration time on 

voltage in the organic solvent. Note that the uncertainty of determination the passage time 

is ~2 ms. Since the event duration time on average is only ~5 ms, the ~2 ms uncertainty 

of each measurement prevents us from verifying whether there is a relationship between 

the passage time and voltage. The measurement of the event duration could not be 
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improved by increasing the bandwidth of our recordings140,141 because this would lead to 

a significant decrease of the signal-to-noise ratio, and in turn make detecting the events 

(~100 pA in magnitude) more difficult. Equally unexpected is the event duration time, 

which is ~10 times shorter than in water for the same voltage, even though the viscosity 

of propylene carbonate is ~3 times higher than the viscosity of water.142 The 

electroosmotic velocity of the particles in 200 mM LiClO4 in propylene carbonate reached 

10-3 m/s. To confirm these findings, similar recordings were performed with the 

independently prepared pore whose opening diameter was 780 nm. Ion current pulses 

with duration times less than 10 ms were again observed using the 200 mM LiClO4 

propylene carbonate solution and 400 nm polystyrene particles, further validating the 

enhancement of the electroosmotic velocity.  

The voltage independence of the event duration time prevents us from directly calculating 

the zeta potential of the PET pore walls in propylene carbonate using eq. (6.5). However, 

if we assumed that the increased electroosmotic velocity in propylene carbonate was due 

to the increased ζPore, the estimated zeta potential would be ~120 mV once the solvent 

viscosity was accounted for. Therefore, the magnitude of the positive ζPore in propylene 

carbonate is ~30 times larger than the negative ζPore in water. The clear lack of 

dependence of ζPore in propylene carbonate on voltage, at least in the voltage range that 

we probed, also points to a significantly enhanced zeta potential in this solvent. 

The zeta potential allows us to estimate the electrokinetic surface charge density (σel) 

which can be considered the charge density at the shear plane with ζPore.38 We can use 

the Graham equation, which relates the surface potential, ζPore in this case, to σel:143 

𝜎𝜎𝑒𝑒𝑒𝑒 = �8𝑐𝑐0𝜀𝜀0𝜀𝜀𝑟𝑟𝑘𝑘𝐵𝐵𝑁𝑁𝐴𝐴𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠ℎ �𝑧𝑧𝑧𝑧𝜁𝜁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
2𝑘𝑘𝐵𝐵𝑇𝑇

�   eq. (6.6) 

where: c0 is the bulk salt concentration, kB the Boltzmann constant, T is the temperature 

and NA, the Avogadro number. 

Using eq. (6.6), σel was determined to be equal to ~-3 mC/m2 in 100 mM aqueous LiClO4 

and ~+0.3 C/m2 in 200 mM LiClO4 in propylene carbonate. To further understand the 

estimated value of σel, we need to consider the origin of the surface potential in these two 

solvent systems. A PET pore in contact with an aqueous solvent will be negatively 
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charged due to the presence of the dissociated, surface carboxyl groups. The density of 

carboxyl groups is known to be ~1 per nm2. However, the shear plane is located in the 

solution beyond the outer Helmholtz layer.38 Consequently, due to the charge screening, 

ζPore in high ionic strength solutions is significantly lower than the potential right at the 

surface. Propylene carbonate is a polar, aprotic solvent. Therefore, it is not expected to 

participate in any Brønsted-Lowry acid-base reactions with the surface carboxyl groups 

of the PET pore walls and change its surface potential. The positive surface charge in 

propylene carbonate was postulated to have originated from the adsorption of Li+ ions 

and possible ordering of solvent molecules at the interface.25,41 Since the location and 

density of the adsorbed Li+ ions are not limited by the specific chemical groups on the 

polymer surface, it is possible that the surface charge from the adsorbed Li+ ions is 

screened differently than what is predicted by the (classical) Poisson-Boltzmann 

equation. The estimated σel of +0.3 C/m2 corresponds to ~2 Li+ ions per nm2. Admittedly, 

we do not have an explanation for the large magnitude of zeta potential and electrokinetic 

charge density in propylene carbonate. However, we anticipate that future modeling will 

be able to unravel the atomistic structure of this and other organic solid-liquid interfaces. 
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Chapter 7 
Conclusions and Future Directions 

Throughout this dissertation, a variety of analytical techniques have been investigated 

and developed to address and deepen our understanding of the underlying mechanisms 

that govern ionic transport. Though fundamental in nature, the goal for much of this 

research has been to develop new low detection limit, chemical sensing platforms, and 

separation (desalination) systems. Achieving these goals has required the design and 

implementation of elegant experimentation in which PET meso- and nano- pores of 

varying diameters, shapes, and geometries are used as model systems to probe the 

electrochemical properties of solid-liquid interfaces in aqueous and organic media. The 

research presented in this doctoral work represents a continued application of PET pores, 

expanding and improving on the chemical resolution of the researched phenomena to 

date.76,144 

Current-voltage curves recorded with single, conically shaped nanopores in the presence 

of bulky, chromium, trivalent (Cr3+) cations and sulfate (SO42-) anions, revealed that once 

the small tip opening reached a diameter of 10 nm, the pore began exhibiting ion current 

fluctuations in time and negative incremental resistance(s) (Chapter 5). Our 

measurements revealed that the pores become partially sterically occluded with the bulky 

ions in nanopores with opening diameters less than 5 nm. 

Additionally, current-voltage curves obtained in a salt concentration gradient afforded 

information on the direction of electroosmotic flow in water and propylene carbonate This 

together with the electroosmotic translocation of uncharged polystyrene particles 

informed us not only about the polarity of the surface potential but also, the magnitude of 

the zeta potential of the PET pore walls in propylene carbonate (Chapter 6). The 

magnitude of the pore walls positive zeta potential in propylene carbonate was shown to 

be significantly greater than the magnitude of the negative zeta potential in water.39 

To expand the technical diversity and precision of quantifying the zeta potential of the 

PET pore walls in propylene carbonate, preliminary streaming current measurements, 

and dynamic light scattering measurements of silica particles in acetonitrile were also 
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used to systematically study the solid-liquid interface. These experiments are currently 

being implemented and in addition to the work above, further illustrate how ubiquitous this 

phenomenon is. 

The studies presented here and going forward will hopefully be complimented by the 

gleaning of information about the solid-liquid interface and used as a basis to further 

develop, explore better techniques, methodologies, and numerical models to investigate 

ionic transport at the nanoscale. 
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