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ABSTRACT OF THE DISSERTATION 

 
Ion and Particle Transport in Nanopores 

 
By 

 
Crystal Yang 

 
Doctor of Philosophy in Chemistry 

 
 University of California, Irvine, 2018 

 
Professor Zuzanna Siwy, Chair 

 
 
 

 Nanopores exhibit behaviors not seen in the micro-scale, such as ion current 

rectification or ion selectivity, which are useful for biotechnology, building of ionic circuits, 

and other fields.  Nanopores in polymer films prepared by the track etched technique are 

useful due to the ease which one can scale from a single nanopore to 109 pores/cm2.  In 

addition, it is straightforward to control pore diameters, geometry, and pore wall 

chemistry.  In this document, polymer membranes were used for two applications.  For the 

first application, the undulating pore walls of single pores in a polyethylene terephthalate 

film were exploited to extend the resistive-pulse technique to distinguish between 

spherical and aspherical particles.  In the resistive-pulse technique, particles are driven 

through the pore by an electrical potential while the ion current is continuously monitored. 

The particle's presence in the pore is detected as a current decrease, called a resistive-

pulse.  Particles which pass through pores with undulating diameters has a pulse whose 

shape reflects the pore topography. The pulses of spherical and aspherical particles are 

compared in both rough and smooth pores, and it was determined that undulating 

diameters are crucial to distinguishing between the two types of particles.  In the second 
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application, polymer membranes with porosity of 108 pores/cm2 are used for desalination 

in reverse osmosis experiments.  Although the narrow opening of the conical pores are 

larger than the classical Debye length, it was found that with high surface charge densities, 

ion rejection still occurs.  Ion rejection was found to further increase if the narrow opening 

was modified to positive charges, forming a bipolar junction on the pore wall.  Lastly, single 

pores with diameters between 10-15 nm were drilled into 30 nm thick silicon nitride 

membranes to study low aspect ratio systems.  While a bare silicon nitride pore exhibited 

no ion rectification behavior, when a gold layer is deposited at one pore opening, 

rectification was observed.  This is due to the polarization of the gold, which generated 

regions of enhanced concentrations of ions in the pore, breaking the pore's electrochemical 

symmetry. The research demonstrates interdisciplinary character and a wide range of 

applications of nanopores.  
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INTRODUCTION 

 Nanopores are nano sized holes that span across a membrane which typically range 

from monolayers thick (0.3 nm) to microns thick [1][2].  There is quite an assortment of 

nanopores, but they can be broken down into two flavors: biological and synthetic.  

Biological nanopores are commonly protein structures embedded in a cell wall, with the 

critical diameter being as small as a few angstroms.  Through an external stimulus such as 

ligand bonding or a change in the transmembrane electric potential, biological nanopores 

can act as responsive ion channels, which are the basis of nerve signal propagation in 

axons, hearing, vision, and other physiological processes [3][4].  Synthetic nanopores on 

the other hand, are created from a myriad of materials, including polymers, silicon nitride, 

glass, and 2D materials such as graphene [5][6][7][8].  Experimentalists are constantly 

pushing the boundaries of nanopore creation and materials.  For example, it was recently 

shown that controlled dielectric breakdown is a quick, easy method to create a single 

nanopore with sub-nm precision in silicon nitride [9]. 

 Much of the behavior seen only at the nanoscale level is attributed to the high 

surface area to volume ratio, in which surface interactions play a much larger role 

compared to environments of larger length scales.  Such interactions have been exploited in 

biological nanopores for DNA sequencing or to study voltage gated mechanisms [10][11].  

Synthetic nanopores on the other hand, have been used as biomimetics to better 

understand transport in biological pores, to create analogs to electric circuits (i.e. ionic 

circuits), and single molecule sensing[12][13][14].   

 Although biological pores have the advantage of being highly reproducible, at the 

atomic level, and have been found to function as biological sensors, diodes, and 
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desalination systems, they can function only when embedded in a fragile lipid bilayer [15].  

Synthetic nanopores on the other hand, are structurally robust, offer greater size and shape 

control from sub nanometer to hundreds of nanometer resolution, and can be chemically 

modified.  As such, track etched polymer based nanopores and mesopores are used for 

most of the studies in this thesis as it is a relatively cheap material, easily etched, and can 

be scaled from 1 to 109 pores/cm2. Silicon nitride membranes are more fragile, but are 

used in situations where low aspect pore ratios are needed. 
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CHAPTER 1 

Creation and Characterization of Nanopores 
  

 In the research performed within the thesis, nanopores in two types of material 

were created: in polymer and SiN films.  The polymer membranes were made of 

polycarbonate (PC), polyethylene terephthalate (PET), and polyimide (Kapton), and were 

received from two sources: GSI Helmholtz Centre for Heavy Ion Research and the company 

it4ip.  Both of these sources bombard polymer films with heavy ions to create latent 

damage tracks, which are then chemically etched in lab to create pores.  The fluence of 

damage tracks ranged between 1 to 108 tracks/cm2, and membrane examined were 12 μm 

thick.  Such densities can be used on targets as small as 1 cm2 foils to rolls of material that 

are meters long.  In contrast, the SiN membranes were purchased from Structure Probe, 

Inc., and individual nanopores were drilled using S/TEM.    

 

1.1 Latent Damage Tracks in Polymer Pores 

The first step to creating pores in polymer membranes is to irradiate a polymer film 

with heavy energetic ions, which penetrate the foil, leaving damage tracks.  Each heavy ion 

forms one damage track, which after wet chemical etching, leads to the preparation of one 

pore. There are two methods to perform irradiation: irradiation by fission fragments  and 

irradiation from heavy ion accelerators [16][17][18][19].  Presently, the latter is the more 

popular method, which is used by our collaborators at GSI Helmholtz Centre for Heavy Ion 

Research in Darmstadt, Germany and it4ip in Louvain-la-Neuve, Belgium. 
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Irradiation by a heavy ion accelerator produces highly parallel, monoenergetic ions 

that create reproducible, homogeneous tracks [20]. Because heavier ions and higher 

energies can be used (compared to the fission method), this method can penetrate thicker 

targets.  It is however, more expensive to use, and the particle flux is not as stable 

compared to fission fragments [2].  Typically, the accelerated ions have energies of a few 

MeV/nucleon, but higher energies can be achieved as well. GSI for example, uses energies 

of 10.1 and 13.0 MeV/nucleon to penetrate 50 um thick foils of polyimide with Kr and Au 

ions respectively, whereas it4ip uses a only a few MeV/nucleon with Xenon ions [21].   

There are two theories that could explain the formation mechanism of damage 

tracks.  Briefly, in the first theory, called the thermal spike model, it is thought that the 

material close to the heavy ion becomes heated and subsequently cooled down rapidly due 

to the small surface area.  If the material is heated above its melting point, the cooled 

material becomes amorphous, forming a narrow cylinder of damaged material [22].  The 

second theory, called the ion explosion spike model, focuses on electronic processes.  In 

this scenario, the travelling heavy ion ionizes the atoms in the target, creating positive ions 

in close proximity to each other.  These positive ions repulse each other, and assume 

interstitial positions.  Such movements create strain in the material leading to the 

formation of a damaged track, which is more susceptible to chemical etching than the bulk 

[23].  

 

1.2 Etching Polymer Pores 

To make pores, one must chemically attack the target material and enlarge the 

damage track.  Formation of pores is determined by two etch rates: vt and vb, the etch rate 
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of the damage track and etch rate of the bulk material respectively.  The vt is dependent on 

the sensitivity of the damage track, and pores are formed if vt is larger than vb  

[24][25].  For the membranes received from GSI and it4ip, both sides of the membrane are 

irradiated under UV light (wavelength of 365 nm) for 1 hour in air to sensitize the damage 

track, and stored at room temperature in air pre- and post- UV irradiation.   

The mechanism of how the damage tracks of polymer membranes etch are 

similar.  For PET and PC, sodium hydroxide (NaOH) is used to cleave away each 

monomer.  For the etching of PET, two NaOH molecules attack the central and secondary 

ester bonds of the PET monomer through alkaline hydrolysis.  The two major products are 

ethylene glycol and the sodium salt of terephthalic acid [24].  This process leaves the 

carboxyl group exposed when the attack is on the central ester bond, which gives the 

etched polymer a negative surface charge at pH 7 or higher.   

PC is also etched with NaOH, which undergoes four alkaline hydrolyses, which 

produces disodium salt of bisphenol A as a major product, and CO32- and H2O as minor 

products [26].   

The mechanism to etch Kapton is also based on alkaline hydrolysis, but uses sodium 

hypochlorite (NaOCl) as the etching agent instead.  In this case, the NaOCl attacks the imide 

bond, exposing one carboxyl group.  A second attack cleaves away the main product, 

chlorine substituted diaminophenyl, and exposes a second carboxyl group. Presence of 

carboxyl groups renders the pore walls and the membrane surface negatively charged in 

neutral and basic solutions [21].    
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Figure 1.1 – Etch mechanism for PET.  NaOH attacks the ester bonds of the PET monomer twice, exposing the 

carboxyl groups that give the negative surface charge at neutral pH and higher. 
 

 
Figure 1.2 – Etch mechanism for Kapton.  NaOCl attacks the imide and amine bonds, exposing carboxyl groups 

which have a negative surface charge at neutral pH.   
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Pores of various diameters and shapes can be created depending on etching 

conditions and the ratio between the membrane bulk etch rate to the etch rate of the track, 

or vb/vt.  More explicitly, vb controls the rate at which the pore diameter grows, whereas vt 

controls how quickly the latent damage track is etched through. In the work discussed in 

subsequent chapters, the two most common shapes are cylindrical and conical pores, 

although it is possible to also create double conical and cigar-shaped pores.   

To create cylindrical pores, a relatively low concentration of etchant is introduced at 

elevated temperatures to both sides of the membrane.  In these conditions, vb/vt << 1 and 

the etching occurs until the etching fronts from both sides meet.  The diameter of the pore 

will continue to enlarge until the desired pore diameter is achieved [27].  Conically shaped 

pores are obtained by asymmetric etching so that the etchant is placed only on one side of 

the irradiated foil; the other side is contact with a stopping medium, which neutralizes the 

etchant. In order to obtain conical pores, the vb is still smaller than vt but not as high 

compared to cylindrical pores. The side of the membrane in contact with the etchant has 

the large opening of a cone, called the base; the small opening, called the tip, is placed on 

the opposite side.  Once the etchant has etched through the entire length of the membrane, 

the etchant reacts with the stopping solution to form a salt at the tip.  In this manner, the 

base of the pore can continue etching while keeping the tip relatively small [28][29][2].  

Figure 1.3 shows a schematic of the two etching processes leading to cylindrical and conical 

pores. PET, PC and Kapton pores after etching at neutral and basic pH values will have 

negative surface charges due to deprotonated carboxyl groups. 
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Figure 1.3 - Diagram of polymer etching processes.  A) An unetched foil irradiated with a single heavy ion as 

received from GSI.  Both sides of the foil are treated under UV light for 1 hour before chemical etch.  B)  
Etching a cylindrical pore requires exposing both sides of the membrane to etchant at elevated temperatures 
so that vt >> vb.  C)  Etching a cylindrical pore requires one side of the membrane to be exposed to the etchant, 

and the other side a stop solution that will form a salt when the two solutions are mixed.  This process 
generally occurs at room temperature so that vt > vb. 

 

1.3 Drilling Nanopores through SiN  

Although wet etching polymer membranes is quick, cheap, and easy to control, in 

single pore membranes it is not possible to image the individual pores. This is because the 

individual pore is located within a large area of at least 2 mm in diameter. The large area in 

combination with intrinsic roughness of polymers make finding the single pore using SEM 

impossible. Polymer pores also feature large aspect ratio, which is not always 

desirable.  These problems may be overcome by embracing an electron microscope’s 

propensity to damage a specimen when exposed to high electron intensity.  Specifically, at 

high enough beam intensities (107 A/m2 or greater), a beam with a spot size of a few 

nanometers can drill a hole through thin SiO2 or SiN membranes [30][31].  This method has 

the added advantage of being able to control and measure the pore diameter in 

situ.  Nanopores drilled in this manner have an hourglass shape, with a half-opening angle 

of ~50 [32].   
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1.4.  Determining Pore Geometry and Size 

There are several methods to determine the geometry and diameter of a single 

nanopore membrane. One of the most convenient ways is to record current-voltage (I-V) 

curve of the pore in symmetric electrolyte conditions. The slope of the I-V curve is a 

measure of the pore resistance, which is related with the pore geometry and size. Figure 

1.4 shows schemes of the cylindrical and conical pores together with equations for their 

resistance. 

The equations for the pore resistance can be used if we can assume that the 

conductivity of the solution in the pore is equal to the conductivity of the bulk solution. 

This assumption holds true only in solutions of high ionic strength, when the effect of the 

pore surface charges have a negligible effect on the number ion in the pore and on the pore 

conductance. For this reason, the IV curves are recorded in 1 M KCl, typically buffered with 

10 mM Tris to pH 8. Under these conditions, the screening length, or so-called electrical 

double layer, is approximately 0.3 nm, and at low voltages is expected to have minimal 

effects on the IV curve.  

Figure 1.5 shows an example I-V curve recorded for a single conically shaped pore in 

PET. The equation that relates the pore resistance with the tip opening diameter requires 

knowing the base diameter, which can be calculated based on the base etch rate, vb. Base 

etch rate can be determined by measuring the decrease of the non-irradiated material 

thickness when exposed to the etchant, and is known for all polymers used in the thesis. 

For example, at room temperature and 9 M NaOH, the etch rate for PET is 2.13 nm/min 

[27].  Kapton, on the other hand, is etched at 50 OC with ~13% NaOCl and has an etch rate 

of 440 nm/hr [33].  For the pore shown in Figure 1.5 , which was etched for 116 minutes, 
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the opening diameters were found to be 10 and 500 nm assuming the pore length is equal 

to 12 μm.  

 

 
Figure 1.4 – Sizing equations for cylindrical and conical pores to determine opening diameters.  The 

resistance, R, is determined from the slope of an IV curve.  For conical pores, D is determined from the bulk 
etch rate [34]. 

 

 
Figure 1.5 – Example I-V curve for a conical pore.  The resistance is calculated from the slope of the curve, and 
the base diameter is calculated from the etching time and known etch rate.  In this case, the I-V curve yields a 

pore with tip and base diameters of 10 and 500 nm respectively. 
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An alternate, albeit more destructive, way to determine pore size and shape is to 

image metal replicas of the pore.  This approach however is mostly applicable to 

membranes containing many pores. The pores’ interior is first filled with a metal via 

electroless deposition, and the surrounding polymer is etched away exposing the wires.  

The deposition conditions need to be tuned so that the pore interior is entirely 

filled.  Figure 1.6 shows an example of the metal negative of a cylindrical pore etched from 

PET [35].   

Determining the diameter of a nanopore in a SiN membrane is quite different 

compared to the method used for polymer membranes.  The shape is known to be double 

conical in nature, with a half angle of 5 degrees [32].  Since the base diameter is measured 

in situ, the smallest diameter can be calculated using geometric means. 

 
Figure 1.6 – SEM image of metal negatives of PET cylindrical nanopores.  The negatives are formed by filling 

the nanopores with metal through electrodeposition and etching away the polymer before imaging.  A) A 490 
nm pore that was etched for 146 minutes.  B) A 660 nm pore that etched for 186 minutes.  C)  A 1230 nm 

pore that was etched for 300 minutes [35]. 
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CHAPTER 2 

Transport Properties in Nanopores 

Although common fluidic transport means such as diffusion and convection still 

apply in nanofluidic environments, complex transport behaviors arise from the higher 

surface area to volume ratio.  Understanding the behavior of ions, analytes, and particles as 

they travel through nanopores are important for a range of applications, including 

analyte/particle characterization, ionic circuits and desalination.  Before proceeding to 

examine the studies discussed in the next chapters, a thorough overview of transport 

properties is needed.  This chapter will tackle the evolution and effects of the electrical 

double layer, as well as discuss the governing equations of nanopore transport.  

 

2.1 Ion Transport Theory 

The movement of ions occurs when a gradient is present, whether the gradient is 

that of temperature, pressure, electric potential, or solution concentration.  In this section, 

the system being examined is open to atmosphere and performed at room temperature, so 

temperature and pressure gradients will be ignored.   

Ion transport can be broken down into passive and non-passive transport.  Passive 

transport, or diffusion in this case, is a familiar concept.  When a solution has areas of high 

and low concentrations, the solutes in the high concentration areas will move towards the 

areas of low concentration to establish equilibrium.  Fick’s first law describes the diffusive 

flux of ions as it relates to concentration under steady state conditions, and reads [36]:  

𝐽 = −𝐷∇𝐶 (2.1) 

In one dimension, Equation 2.1 can be written as: 
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𝐽 = −𝐷

𝑑𝐶

𝑑𝑥
(2.2) 

Here, J is the flux, D is the diffusion constant, C is the concentration, and the index 𝑖 

represents each ionic species.   

The non-passive transport in the system stems from electric potential.  In the 

experiments studied, electric potential is introduced to the system by placing two 

electrodes in solution and applying a voltage between them, generating an electric field.  

When an electric field is applied, the charged ions in the solution feels a force from the field.  

If the ion has a charge q in an electric field of E, assuming the ion is spherical in shape, the 

flux of the ions can be written as: 

𝐽 =  
𝑞𝐸𝐶

𝜁
(2.3) 

Using Einstein’s relation to relate the drag force, ζ, and the diffusion coefficient, 𝜁𝐷 = 𝑘𝑇, 

where kB is the Boltzmann constant and T is temperature, the flux from the electric field, 

known as electrophoretic flux, can be rewritten as: 

𝐽ா =  𝐷
𝑞𝐸𝐶

𝑘𝑇
(2.4) 

The diffusive and electrophoretic fluxes can be combined to form the Nernst-Planck 

equation.  Writing JEP in terms of electric potential, Φ, the Nernst-Planck equation is written 

as [36][37]: 

𝐽,்௧ =  −𝐷 ൬∇𝐶 +
𝑧𝑒𝐶

𝑘𝑇
∇𝛷 ൰ (2.5) 

Here, z and e are the valence and elementary charges respectively.  In the steady state 

solution, the continuity equation, ∇𝐽 = 0 applies.   
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The electric potential can be expressed with respect to net charges of ions in the 

pore (existing due to the finite charge density of the pore wall) and the electric 

permittivity, ρ and ε respectively, using the Poisson equation [36]:   

∇ଶ𝛷 =  −
𝜌

𝜀
(2.6) 

The combination of the Poisson and Nernst-Planck equations are known as the Poisson-

Nernst-Planck equations (PNP) and are used extensively in computer modeling software 

such as Comsol to simulate nanopore environments.    

 

2.2 The Electrical Double Layer 

Due to the confined nature of nanopores, particles in the system interact more with 

the nanopore walls than they would in a system of larger length scales.  These produce 

electrostatic interactions between the particles and the walls and is the basis of the 

electrical double layer.   

To derive the equation for the electrical double layer, we will consider a semi-

infinite planar wall, which allows us to reduce the problem to 1-dimension.  The pore wall 

has an electric potential which is in contact with an electrolytic solution with bulk 

concentration, C0. Lastly, the boundary condition is set so that the potential is 0 at an 

infinite distance away from the wall, and the potential is Φsurf at the wall.   

At equilibrium, the Poisson equation can be written as a function of concentration: 
 

∇ଶ𝛷 = − 
𝜌

𝜀
=  

∑ 𝐶𝑧𝐹

𝜀
(2.7) 

An ion near the pore surface feels the force from not only the charge on the pore wall, but 

also from other ions in solution.  Thus, the ion distribution near the pore surface can be 



15 
 

expressed by the Boltzmann distribution, 𝐶 = 𝐶 e
ಷ

ೃ  , where 𝐶 is the ion’s bulk 

concentration, and R is the ideal gas constant.  Combining Poisson’s equation with the 

Boltzmann distribution gives the Poisson-Boltzmann equation: 

∇ଶ𝛷 =  −
1

𝜀
 𝐶𝑒ି

௭ிః
ோ் 𝑧𝐹



(2.8) 

The solution to the Poisson-Boltzmann equation gives the electric potential at some 

distance away from the pore wall.   

When the solution has two ions of symmetric charge and the same concentration, 

the charge density can be written as:  

𝜌 = 𝑧𝐹𝐶 ൬𝑒ି
௭ிః
ோ் − 𝑒

௭ிః
ோ் ൰ → 𝜌 = −2𝑧𝐹𝐶 sinh ൬

𝑧𝐹𝛷

𝑅𝑇
൰ (2.9) 

When the potential is small, the sinh function can be simplified to: 

𝜌 = −
2𝑧ଶ𝐹ଶ𝐶

𝜀𝑅𝑇
→ 𝜌 = −

𝛷

𝜆ଶ
(2.10) 

where 𝜆 = ට
ఌோ்

ଶ௭మிమబ
 is the Debye length, which gives the characteristic length scale of how 

far electrostatic effects exist near a charged surface in an electrolytic solution.   

Recalling the boundary conditions stated above, the simplified charge density can be 

substituted into the Poisson equation, giving a solution of:  

𝛷 = 𝛷௦௨𝑒ି௫ (2.11) 

where x is the distance away from the pore wall.  This solution explains that the potential 

decreases 1/e within the Debye layer [38].   
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Figure 2.1 – A depiction of the Stern and Debye layers and the resulting ion distribution along a negatively 

charged pore wall.  The behavior of the electric potential is plotted along the x axis.  
 

Figure 2.1 shows a layer, called the Stern layer, located in between the Debye layer 

and the charged pore wall.  This Stern layer consists of a thin layer of immobile 

counterions, or ions of opposite charge to the wall, and is thought to have a linear drop in 

potential.   A closer look at the Debye layer shows most of the ions in this region also 

consist of mostly counterions, but are mobile.  As such, the Debye length, which is inversely 

proportional the square root of the bulk concentration, is considered the length at which 

electrostatic interactions are screened.  As an example, the Debye length of a 10 mM KCl 

solution is 3 nm, but is 0.3 nm for 1 M KCl.  In narrower channels with low concentration 

solutions, the Debye length could span most, or even all of the channel, affecting 

ion/particle transport.   
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2.3 Transport in Conical Pores 

One of the biggest factors in ion transport involves pore asymmetry, such as 

asymmetry in pore geometry or surface charges.  For pore geometry, one can study the 

electric potential in a cylindrical and conical pore.  In long, cylindrical pores, the 

concentration of counter ions in the electrical double layer is independent of the electric 

potential.  This is seen in in a current-voltage (IV) curve, in which the curve is linear.  In a 

conical pore, however, applying an electric potential produces an IV curve that rectifies, as 

seen in Figure 1.5.  Here, rectification is defined as when the current at one polarity is much 

higher than the current at the opposite polarity.  To illustrate, when the positive polarity is 

applied to the tip side, then the cations flow towards the base, enhancing the ion 

concentration, resulting in a higher current.  Switching the polarity so the negative 

potential is applied to the tip side, the cations are now flowing towards the tip, and the 

anions flowing towards the base.  A lack of ions, or depletion zone, is formed inside the 

pore, resulting in a decrease in measured current.  In Figure 2.2, numerical solutions are 

plotted for the concentration of potassium and chloride ions along the z axis in a conical 

pore. 

 
Figure 2.2 – Concentration profiles for potassium and chloride ions along the z axis for a conical pore with 

diameters of 5 and 500 nm at the tip and base respectively [39]. 
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2.3 Transport in Modified Pores 

Although polymer pores naturally have a negative surface charge after etching, 

using surface chemistry, the charges can be modified to positive charges.  The specific 

procedure used in this laboratory to modify polymer pores utilizes EDC linking chemistry 

to bind amine molecules to the carboxyl groups on the pore wall, as illustrated in Figure 

2.3.  In the modification, 1-ethyl-3-(3-dimethlaminopropyl) carbo-diimide hydrochloride 

(EDC) is used.  Under acidic conditions, the EDC and carboxylic acid will combine to form 

an o-Acylisourea intermediate.  The amine molecule is now able to attach to the carboxylic 

group by breaking the C-O bond between the original carboxylic acid and EDC, leaving an 

isourea by-product.  This reaction only works for primary amines, such as spermine or 

ethylenediamine [40].   

 

 
Figure 2.3 – Simplified reaction mechanism for how EDC binds primary amines to carboxyl groups. 

 

Although the whole pore wall can be modified to positive charges, interesting 

transport behaviors occur when only part of the pore is modified, i.e. a boundary between 

positive and negative surface charge is observed.  A nanopore containing such a junction is 

called an ionic bipolar diode. Figure 2.4 shows a cylindrical nanopore with positively and 

negatively charged zones.  When the positive electrode is on the negatively charged side, 
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anions are sourced from the bulk solution from the other side of the membrane and vice 

versa; there is a steady stream of ions and a measurable current, known as the open state.  

However, when the negative electrode is on the negatively charged side, the cations inside 

the pore move towards the right and cannot be replenished, creating a depletion zone, 

creating the closed state [40].  Although Figure 2.4 illustrates open and closed states for 

cylindrical pores, the concept can be extended to conical pores as well.  Figure 2.5 is an 

example IV curve for a conical PET pore.  Notice that the curve is inverted compared to that 

of an unmodified conical pore.   

 

 
Figure 2.4 – A schematic of a cylindrical pore with positive and negatively charged zones.  A) Ions flow 

continuously, creating an open state.  B) A depletion zone is formed, creating a closed state. 
 

 
Figure 2.5 – An IV curve of a conical PET pore modified with ethylene diamine at the tip.  The curve is 

inverted compared to an unmodified pore [41]. 
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CHAPTER 3 

Detecting Particles of Different Shapes via Resistive Pulse Sensing 

The ease of fabricating pores in the nano- and micro- range has lent itself as a useful 

tool in resistive pulse technique, a method which has been used to detect and sequence 

DNA, determine particle surface charge, as well as size and count single particles.  With this 

approach, particles as small as viruses and as big as blood cells or bacteria have been 

detected.  In the past, the Siwy group has used polymer pores for the analysis of spherical 

particles and mammalian cells.  This chapter details extending the resistive pulse technique 

to differentiate particles of similar volumes, but with different shapes with polyethylene 

terephthalate (PET). 

 

3.1 – Electrokinetic Phenomena 

Electrokinetics deals with the electrostatic forces that charged surfaces and 

particles feel when an electric field, 𝐸ሬ⃗ , is applied.  Recall that polymer pores have negatively 

charged walls, attracting cations to the surface.  When an electric field is applied, the 

cations move towards the negative electrode, pulling liquid along with it, creating fluid 

flow.  The fluid flow is governed by the Navier-Stokes equation [42],  

𝜌 ቆ
𝜕�⃗�

𝜕𝑡
+ �⃗� • ∇�⃗�ቇ = −∇𝑃 + 𝜂∇ଶ�⃗� − 𝜀∇ଶ𝛷𝐸ሬ⃗ (3.1) 

and the continuity equation, ∇ • �⃗� = 0.  Here, ρ represents the fluid density, v is the fluid 

velocity, P is the pressure, η is the fluid dynamic viscosity, ε is the product of ε0 and εr, the 

absolute permittivity of vacuum and the relative permittivity of the fluid respectively, and 

Φ is the electric potential.  After applying the continuity equation, assuming there is no 
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pressure gradient, and if the Debye layer is thin compared to the diameter of the pore, 

Equation 3.1 can be reduced to a one-dimensional form for long plane surfaces [38]:  

𝜂
𝜕𝑣

𝜕𝑦
= 𝜀

𝜕𝛷

𝜕𝑦
𝐸௫ (3.2) 

where y is normal to the x direction on a cartesian coordinate and directed into the flow, 

and Ex is parallel to the surface.  Solving the equation using boundary conditions of 
డ௩

డ௬
=

డః

డ௬
= 0 as 𝑦 → ∞ (the edge of the diffuse layer), and 𝛷 = 𝜁 (the zeta potential) when 𝑣 = 0 

gives the velocity of a particle that moves by electroosmotic flow, vEO [38]:  

𝑣ாை = −
𝜀

𝜂
𝜁௪𝐸௫ (3.3) 

If a pore wall carries negative (positive) surface charges, a particle transported by 

electroosmotic flow will move towards the negatively (positively) biased electrode. 

A more intuitive process, called the electrophoretic flow, occurs when a negatively 

(positively) charged particle flows towards the positive (negative) electrode.  Mathematical 

formulations are dependent on a few assumptions about the particle: the particle is rigid, 

non-conducting, and has a uniform surface charge.  If the Debye length is small compared 

to the radius of the particle, curvature effects can be ignored and the particle surface is 

assumed to be a local plane.  Thus, the electrophoretic velocity of the particle, vEP, can be 

derived in an analogous manner as vEO, and written as [38]:  

𝑣ா =
𝜀

𝜂
𝜁௧𝐸 (3.4) 

In nano- and micropores, electrophoretic and electroosmotic effects occur 

simultaneously.  To determine the effective velocity of the particle, veff, the electrophoretic 

and electroosmotic velocities can be added together [43]:  
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𝑣 =
𝜀𝐸

𝜂
൫𝜁௧ − 𝜁௪൯ (3.5) 

The zeta potentials of the particle and the pore wall are the determining factors as to 

whether a particle moves in the direction of electrophoresis or in the direction of 

electroosmosis. Specifically, if the particle has a high (low) zeta potential compared to the 

zeta potential of the wall, the particle moves in the direction of by electrophoresis 

(electroosmosis).  

 

3.2 – Resistive Pulse Technique 

The resistive pulse technique is used to count and size particles in an electrolyte 

solution, such as complete blood counts in the medical setting [44].  Briefly, the technique 

uses a single pore that separates two electrolyte solutions.  On one side of the pore, the 

solution contains the particles to be analyzed, and on the other side, the same solution 

without particles.  When an electric potential difference is applied, a baseline current is 

established through an empty pore.  When a particle passing through the pore is detected, 

the current deviates from the baseline current.  The current deviation is generally detected 

as a current decrease (Figure 3.1) due to increased resistance inside the pore (i.e. the 

volume of the particle blocks the current), but in the case of highly charged particles, such 

as DNA, the current deviation manifests itself as a current increase.   

For spherical particles, the relative current drop can be predicted from the following 

equations [45][46]: 
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𝑅௧ − 𝑅௧௬

𝑅௧௬
=

𝐼௧௬ − 𝐼௧

𝐼௧
=

𝑑ଷ

𝐷ଶ𝐿
𝑆 ൬

𝑑

𝐷
൰ (3.6) 

𝑆ௌ ൬
𝑑

𝐷
൰ = [1 − 0.8(

𝑑

𝐷
)]ିଵ (3.7) 

Here, R and I are the measured resistances and currents of the pore respectively.  

The indexes “particle” and “empty” represent the state of the pore with and without a 

particle.  D and d are the pore and particle diameters respectively, L the length of the pore, 

and 𝑆 ቀ
ௗ


ቁ is a correction term, called the shape factor.  Note that Equation 3.4 is the shape 

factor for spherical particles only.   

 

 
Figure 3.1 – Depiction of a pore A) without and B) with a particle, and their corresponding baseline currents.  

The current drops while the particle is in the pore, and returns to baseline current after the particle exits. 
 

Figure 3.2 shows an example time series of ionic current for a PET pore of 870 nm in 

diameter as particles pass through the pore.  The electrolyte solution was composed of 1 M 

KCl, pH 8, 0.1% Tween 80, and mixture of polystyrene spherical particles that were 

functionalized with carboxyl groups.  The spherical particles were 220, 330, and 410 nm in 
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diameter.  Each current decrease corresponds to a passage of individual particles through 

the pore.  The depth of each current decrease correlates to the size of the particle; that is, 

the larger the particle, the more volume that is displaced, and the larger the current 

decrease.   

 

 
 

Figure 3.2– Signal of ion current versus time for a single PET pore that was 870 nm in diameter.  Polystyrene 
particles with negatively charged carboxyl groups, of 220, 330, and 410 nm in diameter, were suspended in 1 

M KCl, pH 8, 0.1% Tween 80 and passed through the pore in the direction of electrophoresis [46].  
 

Focusing on a section where a particle translocation occurred, Figure 3.3 A depicts a 

single translocation event for a 410 nm particle.  The event is read from left to right, which 

corresponds to the particle’s entrance and exit from the pore.  There are many localized 

peaks and troughs in the current, as opposed to a smooth and steady current one might 

expect for a smooth pore.  Figure 3.3 B stacks multiple events on top of each other, 

vertically offset for comparison purposes.  The localized peaks and troughs are mostly 

reproducible.  Recalling that the inside of a PET pore has its own nooks and crannies, it was 

concluded that from the ionic current time series, one can map the topography of the inner 

pore walls.  That is, as the particle passes through a narrower part of the pore, the current 

drop should be much greater than when the same particle passes through a large cavity.  
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Particles with different diameters show similar translocation events, but the depth of the 

current decreases correlates with larger particle volume [46].   

 
Figure 3.3 – A) A single translocation event for 410 nm spherical particle through an 870 nm in diameter PET 
pore.  B)  Multiple 410 nm spherical particles vertically offset from each other to show reproducibility [46]. 

 

The added advantage to using rough pores for the resistive pulse technique is the 

ease which one can detect multiple particles.  If two particles are stuck together while 

translocating through the pore, the current decrease is doubled what is expected.  In the 

case that a second particle enters the pore before the first particle has completely exited, 

the time series reveals when each particle enters and exits the pore.  En1 in Figure 3.4 

shows the beginning of a current decrease, where the first particle has entered the pore.  A 

second current decrease, En2, shows where a second particle has entered, and the 

subsequent current increases, Ex1 and Ex2, show when the first and second particles exit 

the pore respectively [46].   

 
Figure 3.4 – Ionic current time series of when a particle enters the pore before the first particle has exited.  

The first current decrease and increase (En1 and Ex1) depict when the first particle has entered and exited the 
pore.  En2 and Ex2 shows when the second particle entered and exited [46]. 
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3.3 – Utilizing Pore Topography to Determine Particle Shape 

In the 1973 publication, Golibersuch described resistive-pulse experiments with red 

blood cells passing through long single micropores. Red blood cells are known to have an 

oblate ellipsoidal (disk like) shape; their passage through the pore was accompanied by 

rotations, which caused oscillating current amplitudes.  The author presented a 

mathematical model which predicted how the resistive-pulse amplitude depended on the 

cell’s orientation to the pore axis [47].  However, observing oscillations requires the 

particle to be large, and the rotational motion to be slower compared to the translocation 

time.  Thus, smaller aspherical particles would be indistinguishable from spherical particles 

of similar volume.  To overcome this problem, the Siwy lab has extended the resistive pulse 

technique by using pores known to have rough pore walls to distinguish between spherical 

and aspherical particles.   

The two types of particles used were polystyrene spherical beads functionalized 

with carboxyl groups from Bangs Laboratory, Inc., with diameters of 280 and 410 nm, and 

silica rods synthesized by the Imhof lab in Utrecht University.   Rods with two different 

dimensions were studied, which will be referred to as short and long rods for the rest of the 

chapter.  The short rods had an average length of 590 nm, and diameter of 230 nm, 

whereas the long rods had a much longer average length of 1950 nm, but a similar 

diameter of 210 nm [48].  Figure 3.5 shows TEM images of the short and long rods.   

Recordings of ion current were performed with an Axopatch 200B and 1322A 

Digidata (Molecular Devices, Inc.).  Spherical and rod shaped particles were suspended in a 

solution of 0.1 M KCl, pH 8, and 0.1% Tween 80.  The beads, which have a surface charge of 
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-0.4 e/nm2 moved in the direction of electrophoresis, whereas the silica rods, which have a 

lower surface charge of -0.1 e/nm2 moved in the direction of electroosmosis.   

 

 
Figure 3.5 – TEM images of the silica A) short rods, with an average length of 590 nm and diameter of 230 nm, 

and B) long rods with average length of 1950 and diameter of 210 nm [49]. 
 

Example translocation events for a 410 nm sphere and the two rods are shown in 

the upper half of Figure 3.6.  The particles were passed through the same side of a PET pore 

with average opening diameter of 770 nm and 11 μm in length.  For translocation events of 

the spheres, the peaks and troughs are quite detailed.  The contours of the ionic current 

time series however, became less detailed as the rod lengthened.  The recordings suggest 

that the two rods image the pore topography with a smaller resolution than the beads. As 

the rods exit, there is a significant current decrease not present for the sphere, as marked 

by the (j) [49].  Similar current decreases were observed in previous experiments, in which 

negatively charged particles located at the opening on the same side as the negative 

electrode decreases the number of anions, resulting in a larger decrease in ionic current 

[50][51].  The exit effect on the sphere manifests itself as a current increase, rising above 

the baseline as marked by the (*).  This is due to the negatively charged sphere being 
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located on the side of the positive electrode, increasing the number of cations, thus 

increasing the current [51]. 

 

 

Figure 3.6 – Ionic current time series for A) 410 nm sphere (red), B) the short rod (blue), and C) the long rod 
(green) in a 770 nm diameter PET pore.  The red event in A) was averaged over 11 data points to give the 

simulated red event in B), and averaged over 95 points to give the simulated red event in C).  The blue event 
in B) was averaged over 148 points to give the simulated blue event in C) [49]. 

 

On the bottom half of Figure 3.6 are averaged translocation events for the sphere 

and short rod.  The sphere has been averaged to match both the short and long rods, 

whereas the short rod has only been averaged to match the long rod.  The averaging 

process using the sphere is as follows, although the process can be extended for the short 

rod as well.  First, the number of points to average should be equivalent to the time it takes 

for the sphere to travel the length of the rod.  This traveling time can be found by 

subtracting the length of the sphere from the length of the short rod, which gives 180 nm.  

Assuming the bead travels inside the pore at constant velocity, the particle velocity can be 
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found by dividing the length of the pore by the translocation time (34 ms), yielding a 

velocity of μm/ms; the time is calculated to be 0.56 ms.  Lastly, the number of points is 

found by multiplying the sampling rate (20 kHz) by the traveling time, which is 11 data 

points.  Using this averaging process, one can indirectly compare the events of spheres with 

known diameters to events of unknown rods to determine rod length.  Note that during the 

averaging process for the sphere, the more pronounced current decrease seen in the rods 

cannot be reproduced, and the increased cationic effects at the sphere’s exit remain.  Thus, 

the entrance and exit effects are unreliable for the averaging process [49].   

 

3.4 – Determining Particle Volume  

A more quantitative approach to evaluate differences between the translocation 

events of spheres and rods would be to determine if the current decrease can be correlated 

to the particle’s volume.  Assuming the rods are perfect cylinders, the volume of the sphere 

is ~1.5 and 0.5 times the volumes of the short and long rods respectively.  The average 

current decrease, ΔI, was calculated by integrating the event’s current.  The data is then 

expressed as the relative current change, ΔI/Iparticle.  Since the exit effects of both types of 

particles are not intrinsic to the pore, they are not included in the calculation of ΔI 

The most basic formula for calculating the current decrease is  
ோೌೝିோ

ோ
= 𝑓

௩


, 

where f is the shape factor, and v and V are the volumes of the particle and pore 

respectively.  For the beads, the basic equation is derived as Equations 3.3 and 3.4.  For a 

770 nm pore and 410 nm sphere, the relative current decrease is predicted to be 0.012, 

which is in good agreement with the experimental data, as seen in Figure 3.7.  In contrast, 

the shape factor for the rods is more complicated, and drawn from comprehensive 
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demagnetization and electrical shape factor tables [52].  The current decrease for the rods 

is calculated as: 

𝑅 − 𝑅

𝑅
= ൣ𝑓 + ൫𝑓‖ + 𝑓 ൯𝑐𝑜𝑠ଶ𝛼൧

𝑣

𝑉
(3.8) 

where f_ and f‖ are shape factors when the field is perpendicular and parallel to the axis 

respectively, and α is the angle between the field and axis of revolution.  The shape factors 

for the short rods were determined to be f_ = 1.75 and f‖ =1.17, whereas the for the long 

rods, f_ =2.0 and f‖ = 1.0 [47].   

 

 
Figure 3.7 – Analysis of resistive-pulses obtained with spheres and rods in an A) 770 nm and B) 1200 nm PET 
pore.  The pore diameters were determined by the 280 nm spheres.  All particles were suspended in 100 mM 

KCl, pH 8 solutions.  In the left panel, the relative current change is plotted for each particle.  The solid 
magenta line is the predicted value based on Equations 3.6 and 3.8 and α = 0, whereas dotted magenta line is 
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the theoretical boundaries for rods of lengths and width one standard deviation above and below the average.  
In the right panel, the voltage vs translocation time is plotted.  The inset in B) shows how a rod might rotate 

about the pore axis [49].   
 

Using Equation 3.5 to predict the relative current decrease when α = 0 for the short 

rods results in significantly lower relative current decrease than seen in the experimental 

data.  Increasing α did not improve the fit until 90o, which is unrealistic due to steric 

interactions between the pore and the rod.  Applying Equation 3.5 to the long rods 

however, showed good fit between experimental and predicted values.  These trends held 

true for PET pores with diameters both of 770 and 1200 nm, as seen in Figure 3.7.  Note 

that the 280 nm sphere was used to determine the diameter of the pores [49].  

Surprisingly, the short rods have a higher relative current decrease than the 

spheres, despite having a smaller volume.  This anomaly is potentially due to the rod 

rotating about the pore axis, displacing an effective volume in a double cone shape (see 

insert of Figure 3.7).  The torque to induce rod rotation would be from the localized, 

changing electric field inside the pore due to the rough pore walls.  The rotational torque, 

Te, is balanced by frictional torque resisting the motion, modeled by: 

𝑇 = 𝑓𝜔 (3.9) 

where ω is the rotational speed (rad/s), and fr is the friction coefficient, calculated from the 

Einstein-Smoluchowski equation.  The friction coefficient can be calculated from KbT/Ddiff, 

where Kb is the Botlzmann constant, T is the temperature, and Ddiff is the rotational 

diffusion constant.  In the 1980 publication, Tirado derives methods to calculate Ddiff, which 

is calculated to be 13 and 0.8 rad/s for the rods [53].  Lastly, to approximate Te, one can 

consider a 10 μm pore with regions of alternating diameters between 1000 and 1100 nm, 

and the length of each region being 2000 nm.  As the rods travel along the pore axis, the 
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forces will cause the rod to move in a clockwise or counter clockwise motion.  The torque 

applied to the rods’ end can be calculated from the surface charge, electric field, and 

distance from the center of rotation.   When 1 V is applied across the pore, ω is calculated 

to be around 104 rad/s, lending itself to the theory that the rods could be rotating quickly 

enough to displace a liquid volume in a double cone shape.  In addition, the rod rotation is 

much faster than the translocation time, which is why oscillations are not observed in the 

translocation events [49].   

 

3.5 – Translocation of Rods in Smooth Pores 

To better understand the role of rough pore walls to distinguish between spherical 

and aspherical particles, as well as to better understand rod rotation, the particles were 

passed through polycarbonate (PC) pores, which are known to have smooth, cylindrical 

pores [54].  The rectangular shape of the translocation event in the right panel of Figure 3.8 

also supports that PC pores are mostly cylindrical.  The current decreases at the exit and 

entrances suggest that the pore openings are smaller than the interior of the pore.  Such a 

phenomenon has been also been seen in the past with metal replicas and the passage of 

neutral PMMA particles [51].  The relative current decrease was analyzed using the current 

from the inside of the pore. 

On the left panel of Figure 3.8, the relative current decrease has been plotted along 

with the theoretical average and boundaries based on Equations 3.6 and 3.8.  Again, the 

short rods have a larger than expected relative current decrease, suggesting that the rods 

are performing rotation.  However, the two particles have similar relative current 

amplitudes, suggesting that the smooth pore walls is not a conducive environment for 
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rotation.  Overall, one can conclude that indeed, using the resistive pulse method in a pore 

with rough walls can distinguish between spherical and aspherical particles.  

 
Figure 3.8 – Analysis of 410 nm sphere and short rod suspended in 100 mM KCl, pH 8 solution passing 

through a 930 nm PC pore.  The left panel shows relative current decrease, while the right panel shows the 
ionic current translocations for each particle [49].  
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CHAPTER 4 

Rectification in Polarizable Gold 
 

Rectifying systems, which allow ion flow in one direction and hinder the flow in the 

opposite direction, is important to many biological functions (i.e. nerve signaling), ionic 

circuits, and chemical sensors.  As discussed in Chapter 1, rectification comes from 

asymmetry in pore geometry or/and surface charge.  In nanopores, some of the highest 

degrees of rectification are seen when a junction of positive and negative surface charge is 

present; such devices are called ionic diodes [41][55].  Generally, the immobile, patterned 

surface charges are introduced by attaching chemical groups of the desired charge to the 

pore surface.  Creating devices with electrically addressable gates and turning charges 

on/off is possible, but involves complicated designs and procedures to produce 

multiterminal systems [13][56][57].  This chapter relays a simple way to create a two 

electrode system with patterned surface charges induced by an external electric field via 

polarization of gold.  The system is versatile enough to be applied to both high and low-

aspect ratio pores, of which the latter was predicted to not be able to rectify [58]. 

 

4.1 – Experimental Setup and Observations 

The device is prepared by first, depositing 3 nm of chromium (Cr) as an adhesion 

layer onto a 50 nm thick silicon nitride (SiN) film (SPI Supplies), then an additional 12 or 

27 nm layer of gold (Au) on top of the Cr.  The metals are deposited with a Temescal CV-8 

E-beam evaporator in a cleanroom environment.  A pore is then drilled through the metal 

and silicon nitride layers with a FEI Titan 80-300 S/TEM at 300 kV in STEM mode.  

Measurements were taken with an Axopatch 200B, Digidata 1322a (Molecular Devices) 
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with the working electrode on the metal covered entrance, in a 3D printed PDMS 

conductivity cell.  To decrease hydrophobicity in the pore, solutions were composed of 

50% ethanol and 50% water solutions.  Aqueous solutions were prepared with potassium 

fluoride (KF) instead of potassium chloride (KCl) because the anion, F-, does not adsorb 

onto Au, allowing only the effects of induced charges to be considered [59].   

 

 
Figure 4.1 – A) A schematic of a single, 50 nm thick SiN nanopore with an Au layer at one opening.  The 

working electrode is on the Au side for all experiments.  B)  An IV curve from averaging the last 0.5 seconds of 
the currents in panel C for a 12 nm in diameter SiN pore with 30 nm Cr, Au layer.  C)  Current signals that are 

20 seconds long, for a voltage range of ± 2V in 100 mV steps [60]. 
 

An example recording of a SiN nanopore that is 12 nm in diameter is show in Figure 

Figure 4.1 B and C.   In panel c, the ion current measurements were performed for voltages 

between -2 to 2 V in 100 mV steps.  Each voltage was recorded for 20 seconds to ensure 

current signals were stable.  Panel b was produced from averaging the last 0.5 seconds of 

each voltage in panel c.  Both panels show that ionic currents were larger at negative 
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voltages, indicating that rectification is occurring. Further evidence of rectification is 

shown in Figure 4.2, where the rectification ratio, defined as the current at negative voltage 

over the current at positive voltage, for 100 mM KF is higher than the ratio for 500 mM KF.   

The rectification behavior is confirmed to be a result of the Au, since a nanopore without 

the metal has a rectification ratio of ~1.   

 

 
Figure 4.2 – IV curves for a pore of 9 nm diameter and 30 nm thick Au layer for (left) 100 mM KF and (right) 

500 mM KF [60].   
 

Ionic current time signals were recorded for 20 seconds because for some devices 

the current signal could fluctuate drastically, whether it was from wetting difficulties or gas 

bubble formation.  An unstable signal could manifest in sudden jumps or decreases in 

current, making the pores seem to rectify in either direction.  As such, it was impossible to 

separate electrokinetic phenomena from wetting problems and/or bubble formation, and 

pores with fluctuating currents were not included in the results.  Of the 10 pores that did 

show stable ion currents, which had pore diameters between 9 and 16 nm, 8 of them 

rectified so that negative currents were higher than positive currents, one pore did not 

rectify, and one pore rectified so that positive currents were higher than negative currents.   
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4.2 – The Effects of Gold Polarization at a Nanopore Entrance 

Since Au does not adsorb F-, the effective charge on the surface of the Au should be 

due to the metal polarization from the transmembrane potential.  The density of the 

induced charges on the metal surface are known to be proportional to the magnitude of the 

electric field [61][62].  The rectification behavior can be analyzed in two parts: 1) when the 

negatively biased electrode and 2) when the positively biased electrode are on the same 

side as the Au.  Examining the former case, notice that the Au polarization makes the pore 

entrance effectively have a positive charge; the entrance is thus screened by an enhanced 

concentration of F-.  The rest of the pore has an enhanced concentration of K+ due to the 

negative surface charges on both the SiN walls and the negative charge on the Au (Figure 

4.3, left panel).  This configuration is known as the “on” state due to both the K+ and F- 

readily sourced from bulk.  In contrast, for the latter case, the surface charges on the Au 

and SiN pore wall creates a negative/positive/negative sandwich, similar to that of a 

bipolar junction transistor in a polymer pore.  A depletion zone is formed, resulting in low 

ionic current, and is called the “off” state (Figure 4.3, right panel) [60].   

To confirm that current rectification is due to Au polarization, the experiments were 

repeated with KCl aqueous solutions.   Due to the adsorption of Cl- on the Au layer, the 

effective charge on the Au layer is a superposition of the adsorbed anions and the induced 

charge, resulting in a reduced or even inverted rectification ratio [61].  Three different 

pores were introduced to 100 mM or 500 mM KF and confirmed to rectify in the direction 

shown in Figure 4.4.  Subsequent measurements were performed in KCl of the same 

concentrations.   In two of the pores, the rectification ratio was reduced, and the third pore 

had a rectification ratio of 1.  
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Figure 4.3 – Schematic of the surface charges and ion distribution in a SiN nanopore with an Au layer in its 
“on” (left panel) and “off” (right panel) states.  The red (blue) strips in the Au layer indicates the induced 

negative (positive) charge formed by the transmembrane potential, causing a difference in ion distribution 
depending on the polarity of the transmembrane potential [60].   

 

 
Figure 4.4 – IV curves for a SiN pore of 12 nm in diameter for (left) 100 mM KF and (right) 100 mM KCl [60]. 

 

4.3 – Electrochemical Reaction Considerations of Water and Ethanol 

Electrochemical reactions have been observed in different systems that contain 

polarizing Au.  One can determine if electrolysis of water is occurring by the equation:  

∆𝑈 =
𝑈௧௧

𝑙
𝑙 (4.1) 
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where ∆𝑈 is the threshold at which electrolysis occurs, 𝑈௧௧ is the applied voltage, and 

𝑙 and 𝑙 are the length of the electrode and channel respectively.  For the 

electrolysis of water, ∆𝑈 = 1.23 𝑉, while 𝑈௧௧ = 2𝑉, which is the maximum applied 

voltage.  The length of the channel is not as straight forward to calculate, since it 

encompasses both the length of the pore (50 nm) as well as the access resistance.  The 

access resistance, which considers the distortion of electric field lines around the pore 

openings, is 0.8 times the pore diameter [63].  Thus, for a 10 nm diameter SiN nanopore, 

𝑙 = 58 𝑛𝑚.  For electrolysis of water to occur, the length of the electrode must be at 

least ~36 nm, making it highly unlikely that electrolysis of water is occurring in this 

system.  The electrolysis of ethanol is also calculated with Equation 4.1, in which ∆𝑈 ≈

0.4 𝑉, giving a minimum electrode length of ~13 nm [64].  While electrooxidation of 

ethanol is kinetically slow, the products from ethanol oxidation could contribute to current 

instability seen in some samples, thus future experiments will focus on enhancing wetting 

and eliminating ethanol from the solution [65][66].   

 

4.4 – Simulated Results of Gold Polarization 

The experimental findings were compared to the results from the COMSOL 

Multiphysics software package, in which the system was modeled by numerically solving 

coupled Poisson-Nernst-Plank and Navier-Stokes equations.  The system modeled in shown 

in Figure 4.5.  The double conical geometry from the SiN pore is not replicated because the 

rectification properties can be explained sufficiently with a diode junction inside a pore 

with less complex geometry.  
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Figure 4.5 – Schematic of the nanopore model used in Comsol [60]. 

 

The basic parameters of the model is as follows.  The electrodes were simulated by 

placing voltage boundary conditions in both reservoirs, with the working electrode on the 

same side as the Au layer.  Boundary conditions for ion flux and pressure were placed on 

the reservoir walls.  The Au layer was modeled by adding a 15 nm thick floating potential 

layer to one surface of the SiN, and a continuous surface charge of -0.016 C/m2 is applied to 

the SiN pore walls to simulate native silanol charges.  The bulk concentration is 100 mM, 

and mobilities for anions and cations are set equal to each other.   

The simulated results, shown in Figure 4.6, show that the current at negative 

voltages are higher than those at positive voltages, and that rectification ratio is higher at 

lower concentrations, which agrees with the experimental findings (Figure 4.6 A).  It 

should be noted the simulated results shown was calculated with the dielectric constant of 

water (𝜀 = 80), but lowering the dielectric constant to 𝜀 = 53.4, the constant for 50% 
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ethanol and 50% water, only lowered the predicted currents and negative voltages by a 

few percent.   

 

 
Figure 4.6 – Simulated results from solving coupled Poisson-Nernst-Plank and Navier-Stokes equations for a 
50 nm thick SiN single nanopore of 10 nm diameter.  An additional Au layer of 15 nm is attached to one side 

of the pore, indicated by the yellow line between 50 and 65 nm.  A) IV curve for 0.1 M and 0.5 M (inset) KF.  B, 
C)  The average concentration of K+ and F- along the pore axis between -1 and 1 V.  The line colors 

corresponds to the data point colors from panel a.  D)  The width of the depletion zone, defined as when the 
total ion concentration is below half the bulk value.  E, F)  The sum and difference between K+ and F- ions 

along the pore axis [60].   
 

To determine if “on” and “off” states is seen in the model, the average concentrations 

of K+, F-, and their sums and differences along the pore axis are plotted in Figure 4.6.  

Looking at each ion separately, the concentration of K+ (F-) is enhanced at negative 

(positive) voltages, which is comparable to the findings of past models involving the 

formation of the electrical double layer due to induced charged in metals [62][61].  The 

averaged sums and differences of the ion concentrations reveal the presence of a bipolar 

junction at the SiN-Au boundary.   Focusing on panel f, the averaged difference between 
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cations and anions, at positive voltages, there is a low ion concentration at the boundary 

between the two materials, resulting in low currents; this is the depletion zone described 

previously.  Conversely, at negative voltages, there is an increase in ion concentration, 

exceeding bulk values, leading to enhanced currents.  The width of the depletion zone is 

defined as the region where the average total ion concentration, panel e, is less than half of 

its bulk value; the results are aggregated in panel d [60].    

If the same SiN-Au model is repeated with no charge on the SiN walls, the predicted 

IV curve has a symmetric “S-shape”, confirming that the SiN’s pore walls need to be charged 

for rectification behavior to occur.  In this case, the curve behavior is due to the ionic 

sourcing being limited due to the nanopore’s resistive element.  When the positive 

(negative) voltage is on the Au side, the flow of anions (cations) is reduced.  These results 

suggest that the ion rectification seen in the SiN-Au nanopore system is likely due to Au 

polarization.   

 
Figure 4.7 – Simulated results of an IV curve at 100 mM KF for the same system shown in Figure 4.6, except 

the charges on the SiN walls have been removed [60].   
Using a simple, two electrode system and a metal layer at a nanopore opening, the 

surface charge density of a single, rectifying nanopore can be dynamically controlled.   The 

Au layer undergoes charge polarization so that regions of the pore have enhanced or 
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decreased currents, depending on the polarity and magnitude of the potential.  The 

rectification mechanism is especially applicable to low aspect ratio nanopores, and can be 

used in a variety of systems such as ionic switches and ionic circuits.   
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CHAPTER 5 

Ion Rejection in Conical Nanopores with Patterned Surface Charge 

Track etched polymer pores with excess surface charge showed ionic selectivity 

when placed in an electric field, as seen in reversal potential experiments and when current 

voltage curves show rectification [67][68][69].  In electric field, ion selectivity means that a 

pore transports preferentially cations or anions. We hypothesized that if the driving force 

for ion transport is exchanged for a pressure gradient, then these polymer membranes 

would be able to desalinate liquids via reverse osmosis. Desalination indicates that mostly 

water is passing through, while ions are retained on the feed side.  What makes these 

polymer track-etched membranes suitable for reverse osmosis is that their porosity can be 

easily scaled up to a pore density of 109 pores/cm2, surface charges patterns are easily 

attainable, and pore opening diameters are well controlled.  The following chapter reviews 

the theory behind reverse osmosis and electrostatic rejections, and how they apply to 

simulated and experimental findings.   

 

5.1 – Fundamentals of Reverse Osmosis 

Understanding reverse osmosis requires one to first understand osmosis.  In 

osmosis, a semipermeable membrane separates two solutions.  One solution is of a pure 

solvent (i.e. water), and the other is a salt solution.  Ideally, the two solutions want to have 

equal concentrations, but due to the presence of the membrane, only water molecules can 

travel between solutions.  Thus, over time, the liquid level of the salt solution increases, 

while the liquid level of the pure solvent decreases by the same amount.  Eventually, the 

flow of water reaches steady state due to hydrostatic pressure.  This pressure is known as 
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the osmotic pressure, 𝛱.  Reverse osmosis, as the name implies, is the opposite of osmosis, 

in which the water from the salt solution, called the feed, is driven into the pure solvent 

bath, or the permeate side.  For this to happen, the pressure applied must overcome the 

osmotic pressure [70]s.   

 
Figure 5.1– A schematic that explains osmosis (top panel) and reverse osmosis (bottom panel).  With osmosis, 

the water diffuses across the semipermeable membrane from low to high concentration until the chemical 
potentials of the two solutions are equal.  The osmotic pressure is the hydrostatic pressure that offsets the 
diffusion.  In reverse osmosis, pressure is applied to the high concentration solution, forcing water into the 

low concentration solution.  The pressure applied must be at least equal to the osmotic pressure. 
 

From a thermodynamic standpoint, the osmotic pressure can be calculated if the 

compositions of the two solutions are known.  The direction of flow is determined by the 

chemical potential, in which matter flows from high to low chemical potential.  Thus, at 

osmotic equilibrium, the chemical potential of the solvent on both sides is the same.  The 

chemical potential of the solute does not have the same conditions because the solute 

cannot pass through the membrane.  The chemical potential of a species, 𝜇 , is written as: 

𝜇 = 𝜇
 + 𝑅𝑇 ln 𝑎 (5.1) 
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where 𝜇
 is the standard chemical potential for species 𝑖 at temperature T, R is the gas 

constant, and 𝑎 is the activity.  The activity is generally equal to the ratio of the vapor 

pressure above the solution to the vapor pressure above the pure solvent.  When the 

solution is dilute, Raoult’s law can be applied, so that 𝑎 =



బ = 𝑥 , where P is the vapor 

pressure, and 𝑥  is the mole fraction of the species.  At constant temperature, the chemical 

potential depends on the pressure and composition of the solutions.  When at equilibrium, 

no flow is occurring, or 𝑑𝜇 = 0, then the total derivative of the chemical potential 

becomes:  

൬
𝜕𝜇

𝜕𝑃
൰

்,௫

𝑑𝑃 = − ൬
𝜕𝜇

𝜕𝑥
൰

்,

𝑑𝑥 (5.2) 

Using partial derivations and substitutions from Gibb’s free energy equations, Equation 5.2 

can be transformed into: 
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௫



  →    𝛱𝑣 = −𝑅𝑇 ln(1 − 𝑥) (5.3) 

Since the solution assumed to be dilute, Raoult’s law can be invoked again, so that 

ln(1 − 𝑥) =  −𝑥 ≅
ே

ேೞ
, where N represents the moles of the species 𝑖 and solvent 𝑠.   With a 

little more simplifications and substitutions, the more conventional form of osmotic 

pressure, known as van’t Hoff’s Equation, can be written [71]: 

𝛱 = 𝑖𝐶𝑅𝑇 (5.4) 

where 𝐶 is the molar concentration of the species, and the variable 𝑖 is the Van’t Hoff 

factor.  This factor is the ratio between the measured concentration of particles after 

dissolution and the calculated concentration based on mass.  Most non-electrolytes have a 
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Van’t Hoff factor of 1, but for ionic compounds, the factor is equal to the number of ions 

dissolved.  For example, the Van’t Hoff factor for KCl is 2, and 3 for CaCl2.   

 

5.2 - Electrostatic Rejection 

Most traditional RO membranes reject ions through steric impedance.   In other 

words, they reject ions based on size exclusion.  For K+ and Cl-, the diameter of the first 

solvation shell in aqueous solutions is ~6.7 Å and 6.4 Å respectively, so for perfect 

rejection, pores must be smaller than these diameters [72][73].  An alternative approach 

for salt rejection is to use electrostatic rejection, a method that the polymer membranes 

can capitalize upon due to its charged pore walls when in contact with electrolytic 

solutions.  To understand the mechanism of electrostatic rejection, imagine a system 

similar to Figure 5.2 A.  Recall that at low ionic concentrations, the Debye layer is relatively 

large, and filled with counterions.  As the pressure is applied to the feed side, water is 

pushed through the pore, moving parts of the Debye layer with it, and allowing counterions 

to exit the pore.  To not violate electroneutrality principles in the permeate solution, any 

exiting counterions must be accompanied by an exiting co-ion.  However, the low number 

of co-ions in the pore compared to bulk concentrations makes it difficult for ions to exit, 

thus, ions are unable to exit the pore.   

While the above describes the mechanism for how a homogeneously charged 

nanopore reject ions electrostatically, there is evidence that the rejection rate will increase 

in inhomogeneously charged nanopores [74][75][76][77].  The mechanism for ion 

rejection in an inhomogeneously charged nanopore is similar to that of a homogeneous 

system.  Take for example, a system such as Figure 5.2 B, in which the nanopore has 
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negatively charged walls for the upper half, and a distinct boundary where the walls 

become positively charged in the lower half.  The feed is in contact with the negatively 

charged portion, whereas the permeate is in contact with the positive side.  Again, at 

equilibrium, the two regions of the pore are filled with their appropriate counterions.  

When pressure is applied, if an ion exits the pore, it must exit as an anion/cation pair.  

However, electroneutrality principles must also be observed in the interior of the pore.   

Replacing the cation in the negative region is a simple matter of sourcing from the feed 

solution.  For the anion to reach the positive region, however, the anion must enter and 

travel through the negative region, an unfavorable situation.   

 

 
Figure 5.2 – Mechanism for electrostatic ion rejection for A) homogenously and B) inhomogenously charged 
walls, in which the pore is in contact with aqueous KCl.  As pressure is applied, water flows from the top to 
the bottom.  The interior of the pore is filled with counterions as appropriate.  For a counterion to exit the 

pore in A), a coion must also exit due to electroneutrality requirements in the permeate.  Pore 
electroneutrality is replenished by the feed.  In B) however, when a pair of ions exits the pore, the pore 

electroneutrality is reestablished by sourcing ions from the permeate.  
 

Similar to the formulism in Chapters 2 and 3, the coupled Poisson-Nernst-Planck 

and Navier-Stokes equations are used to describe ion transport through nanopores under 
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pressure.  Compared to Equation 2.5, the extended Nernst-Planck equation has an 

additional term to account for convection generated by the pressure difference across the 

nanopore [75]:  

𝑗 = −𝐾,ௗ𝐷∇𝐶 −
𝐹𝐾,ௗ𝑧𝐷𝐶

𝑅𝑇
∇𝛷 + 𝐾,𝐶𝑣 (5.5) 

where 𝑗 is the molar flux of each species 𝑖, 𝐷 , R, F are the diffusion constant, ideal gas 

constant, and Faraday’s constant respectively, 𝐶 is the concentration, 𝑧 is the valence 

charge, T is the temperature, and 𝑢 is the velocity of the fluid.  The electric potential, Φ, is 

governed by Poisson’s equation.  Lastly, 𝐾,ௗ and 𝐾, are the hindrance factors for diffusion 

and convection respectively.  They are functions of the ratio between the solute radius 

(Stokes radius) and pore radius [78][79]. 

The Navier-Stokes Equation also has an additional term to account for an electric 

component: 

−∇𝑃 + 𝜂∇ଶ𝑣 − 𝐹  𝑐𝑧∇𝛷



= 0 (5.6) 

where P is the hydrostatic pressure and η is the fluid viscosity.  The coupled PNP and NS 

equations are known as the space charge model, which describes a two dimensional 

transport system through a nanopore.  It is computationally intensive to solve the coupled 

equations, so an approximate model, called the homogeneous approximation, can be 

substituted if the electrical double layer overlaps.  Using the homogeneous approximation, 

all the terms in the extended NP equations are defined using their radially averaged 

quantities, and the following boundary conditions are defined [78]: 

𝑐
 = 𝐶

𝜑𝑒
ି௭∆అವ

ು
(5.7) 
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Here, the superscripts P and F represent the permeate and feed sides respectively, 𝑐 is the 

concentration right inside the pore, 𝐶 is the concentration just outside the pore, 𝜑 is the 

steric partitioning coefficient, and ∆𝛹 is the dimensionless Donnan potential at the 

interface of the nanopore and bulk solution.  The homogeneous approximation can be 

solved iteratively to produce the theoretical rejection rate, 𝑅 , of each species [75][78]: 

𝑅 = 1 −
𝐶



𝐶
ி

(5.9) 

 
Given that these polymer pores are selective to cations due to its negative pore 

walls, if they could also reject anions at an appreciable amount, then multi-pored 

membranes could serve as a viable device for desalination by electrostatic repulsion.  In 

addition, if the membranes can achieve salt rejection with larger than average diameters, 

the applied pressure needed should be lower, reducing energy costs.   

 

5.3 – Modeling Ion Rejection with Bipolar Membranes 

Much of the previous literature use nanopore systems in which the Debye length is 

on the same scale as the nanopore opening.  Using Comsol Multiphysics 4.4 package, it was 

determined by us that in highly charged nanopores, salt rejection occurred even if the 

Debye length was smaller than the pore radius.  Two types of nanopores were modeled: a 

conical and cylindrical, as seen in Figure 5.3.  The conical nanopore has a tip and base 

diameter of 3 and 500 nm respectively, and is 11 μm long, while the cylindrical pore has a 

diameter of 10 nm and is 1 μm in length.  Modeling for a range of tip and base openings was 

performed as well. The bottom reservoir contains the concentrated solution, while the top 
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reservoir is pure solvent.  Pressure is applied from the bottom to the top, and ion transport 

follows coupled Poisson-Nernst-Planck and Navier-Stokes equations.   

 
Figure 5.3 – Two types of systems used for modeling coupled Poisson-Nernst-Planck and Navier-Stokes 

equations with pressure: conical (left) and cylindrical (right) nanopores.  For the conical system, the tip and 
base diameters are 3 and 500 nm respectively, with a pore length of 11 μm; a range of tip openings between 2 

and 10 nm, and base openings between 300 nm and 1000 nm were considered in some simulations as well.  
For the cylindrical nanopore, the pore diameter is 10 nm, with a pore length of 1 μm.  Pressure is applied 

from the bottom [80]. 
 

Using the cylindrical model as a basis, the rejection ratio as a function of surface 

charge of the pore wall was graphed at three concentrations: 50, 100, and 500 mM at 30 

atm (Figure 5.4, left panel).  The pore has a bipolar surface charge pattern with a sharp 

junction between the positive and negative regions that were each 0.5 μm long. Both zones 

had the same absolute charge density. Much of the mechanisms formulated in the previous 

section assumed that the Debye layer was similar in length to the pore radius and the pore 

wall was weakly charged.  Thus, for 500 mM of 1:1 electrolyte, a Debye length of 0.4 nm 

constitutes only ~ 8% of the pore radius (5 nm), and at surface charge densities less than 

0.05 C/m2, salt rejection is not expected.  At 50 mM solution however, the Debye length 

reaches ~1.4 nm, thus a 5 nm nanopore is expected to provide some salt rejection.  Notice 

that as the surface charge densities of both regions increase, so does salt rejection.  What is 
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remarkable is that at higher surface charge densities, salt rejection occurs even for 500 

mM.    

 
Figure 5.4 – Simulated dependence of salt rejection on surface charge density of the pore wall (left) and 

applied pressure difference (right) for a cylindrical nanopore that was 10 nm in diameter and 1 μm in length.  
The cylindrical pore has a sharp boundary between its positive and negative surface charges, 0.5 μm long 

each.  Note that the Debye length is much smaller than the radius of the pore, but salt rejection still occurs at 
high surface charge densities [80].   

 

Salt rejection generally increases with pressure due to more water being pushed 

through the pore and diluting the permeate solution [81].  However, Figure 5.4 (right 

panel) shows there is a limit to the maximum rejection.  Other theoretical models show the 

rejection ratio decreasing ~10% from the max with higher pressure [75].  This maximum is 

caused by the accumulation of rejected ions near the surface of the membrane, called 

concentration polarization.  The rejected ions can be visualized as a stagnant layer, whose 

thickness can be minimized with stirring.  While the stagnant layer accumulates rejected 

ions, some of these ions diffuse back into the bulk.  However, with increased pressure, the 

stagnant layer builds until the ion diffusion is unable to keep the concentration near the 

membrane surface close to bulk concentration [74].   
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A crucial aspect of this project, however, comes from the combination of high 

surface charge density, the ability to easily tune pore opening diameters, and the length of 

positive region in a conical pore.  A conical system was modeled (Figure 5.5), in which the 

positive region had a surface charge density of 0.08 C/m2 placed at the tip, and the negative 

region had a surface charge density of -0.08 C/m2.  All plots were created for 15 atm of 

applied pressure difference and 100 mM of KCl on the feed side.  To understand the role of 

the tip opening diameter for salt rejection, we looked at the salt rejection for a set of tip 

openings while keeping the base opening at 500 nm.  As expected, a significant decrease of 

salt rejection was observed when the tip opening diameter exceeded 5 nm; at 10 nm the 

pore basically did not reject any salt. The decrease in salt rejection with the increase of the 

tip openings can be easily understood when considering the Debye length versus pore 

opening. We also probed the importance of the base opening for salt rejection. While 

keeping the tip at 3 nm, the base was changed between 300 nm and 1000 nm. The pore was 

predicted to feature lower salt rejection for base diameters that exceeded 600 nm. We 

believe the modeling points to the role of the cone opening diameter on the effective area of 

the pore wall, which participates in rejection. If an opening angle of the cone is large (i.e. 

large base diameter), the local pore radius along the pore length increases quickly, 

diminishing the area with small enough opening, which assures salt rejection. It should be 

noted that although the upper two plots seem to indicate the existence of a maximum, we 

believe that the small changes in the salt rejection for the smallest tip and base diameters 

considered, might not significant and in these regimes the rejection could be considered 

constant.   
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Finally, the critical parameter, which we considered was the length of the positive 

zone. Intuitively, we predicted that if this zone was too long or too short, the bipolar 

junction ceases to be as useful, and the pore would exhibit behavior characteristics of a 

pore with homogenous surface charge.  With a tip and base diameters of 3 and 500 nm, 

respectively, the optimal length of the positive region, assuring the highest salt rejection, is 

25 nm.  The optimal length of the positive region, however, still depends greatly on the 

pore’s opening angle, represented here by the tip and base diameters.  As an example, in 

panel D, the tip size is kept at 3 nm, while the base diameter varies at 250, 500, and 1000 

nm.  The optimal length of the positive region decreases as the base diameter increases.   

 
Figure 5.5 – Simulated results of salt rejection for a conical nanopore, with surface charge density of 0.08 
C/m2 at the tip side, in 15 atm and 0.1 M.  The role of A) tip and B) base diameters for salt rejection was 

probed keeping the base and tip diameters constant, respectively. In A the base diameter was 500 nm, in B 
the tip was 3 nm.  C) For a pore with openings of 3 nm and 500 nm, the optimal length of the positively 

charged zone was found to be 25 nm.  D)  The optimal length of the pore opening is dependent on the tip and 
base diameters.  In this plot, keeping the tip diameter at 3 nm, and base varying at 250, 500, and 1000 nm, the 

optimal length of the positive region decreases as the base diameter increases [80]. 
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The simulations performed show that conically shaped nanopores featuring a 

bipolar junction with highly charged positive and negative regions, can indeed offer salt 

rejection based on electrostatic rejection.  The results of the tuning parameters can help 

shape experimental results as the project progresses, as well as determine the best 

chemical to modify the pore walls with. 

 

5.4 – Ion Rejection with Track Etched Polymer Membranes 

Track etched membranes can be created to model those seen in Figure 5.3.  To do so, 

two types of polymer films were used: polyethylene terephthalate (PET) and polyimide 

(Kapton 50HN), with a thickness of 12 μm.  Membranes obtained from GSI for both PET and 

Kapton had a pore density of 1x108 pore/cm2 whereas Kapton membranes purchased from 

IT4IP had a pore density of 2x108 pores/cm2.  Membranes with a pore density of ~108 

pores/cm2 were chosen because 109 pores/cm2 were structurally unstable, and 107 

pores/cm2 had no discernable flow.   

Creating conical pores for the two types of materials are as follows.  For Kapton, 

etching occurs at 50 oC at ~13% NaOCl introduced on one side of the foil. The other side of 

the membrane is in contact with 1M potassium iodide. The side exposed to NaOCl will be 

the base side. The working electrode is set to 1 V in the NaOCl until the current is 15 μA or 

50 minutes has elapsed, whichever comes first.  The voltage is then turned off until etch 

currents reach 200 μA for GSI pores, or 350 μA for IT4IP pores.  This process takes between 

90-120 minutes.  For PET, the etching is done at room temperature.  Both sides of the PET 

membrane are first pre- etched for 15 minutes in 9 M NaOH.  The etching solution on the 
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tip side is then replaced by a stopping solution which consists of 1 M HCOOH and 1 M KCl, 

while the NaOH remains on the base side.  The pre-etching step on the tip side is critical for 

PET since without it, the membrane does not flow with pressure.  Etch currents should 

reach at least 1 μA , which is generally around 2.5 hours including the pre-etch process. 

Current voltage curves for single conically shaped nanopores typically show ion 

current rectification.  When the nanopore system is extrapolated to a multipore membrane 

containing 108 pores/cm2 however, rectification behavior does not always occur (Figure 

5.6).  Kapton IV curves feature the asymmetry characteristics to single pores; PET 

multipore membranes often exhibit an Ohmic behavior, which could be a result of the semi-

crystalline structure of PET creating heterogeneous pore openings.   

 
Figure 5.6 – IV curves for three 108 pores/cm2, unmodified Kapton (left) and PET (right) membranes, 

recorded in 100 mM KCl.  The legends indicate the etch currents when the etching process was stopped [80].   
 

I-V curves are also used to size the tip diameter of single conical pores; the base 

diameter is calculated based on the etching time. For multipore membranes the same 

approach can be used, however the determined tip opening might be less accurate due to 

the low resistance of multipore membranes. Consequently, the applied voltage drops not 

only along the membrane but also in the bulk solution. We tried to mitigate the issue by 
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placing the electrodes as close to the pore surface as our set-up allowed. An alternate way 

to determine the base and tip diameters is to image both sides of the membrane.  SEM 

images of the base sides of Kapton and PET membranes show that the base opening is 

~600 nm in diameter. The tips were much harder to image. We were more successful in 

imaging PET pores, due to the pre-etch step; the pores were double-conical in shape that 

the narrowest part was within the membrane. For Kapton, only tips as large as 30 nm were 

visible. We believe the smaller openings could have been below the SEM resolution; note 

that truly single nm resolution might be not be possible for polymer materials due to their 

roughness. It is also possible that the smallest pores were covered by the conductive 

material, whose deposition was required for imaging, and not all the pores were etched 

along the whole length.   

 
Figure 5.7 – SEM images for A) Kapton and B) PET membranes.  The Kapton membrane has a pore density of 

108 pores/cm2 while the PET has a pore density of 108 pores/cm2.  The top panels correspond to the base side 
whereas the bottom panels correspond to tip side.  The average base and tip diameters for the imaged Kapton 
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are 650 and 120 nm respectively, while the average base and tip diameters for the imaged PET are 850 and 
100 nm respectively.  

 

Pore diameters based in the I-V curves could be calculated treating the pores as 

parallel connected resistors. The area exposed to the solution is equivalent of a circle with 

1 cm in diameter. For the recordings in 1 M KCl shown for PET membranes in Fig. 5b, the 

pore opening diameter is ~1 nm. 

Pore opening diameter can also be estimated from the Hagen-Pouseuille equation, 

which describes the pressure drop across a narrow channel, in this case a cone, for an 

incompressible, Newtonian fluid [82]:   

𝑄 =
𝜋∆𝑃

8𝜇𝐿
𝑟ଶ𝑅ଶ (5.10) 

Here, Q is the volumetric flow rate, ∆𝑃 is the pressure, 𝜇 is the dynamic viscosity of the 

solution, L is the length of the channel, and r and R are the radii of the tip and base 

respectively.  Typical flow rates for PET and Kapton are ~12 μL/min and ~100 μL/min 

respectively.  Assuming all the pores are open (108 per cm2), the average tip diameter is ~2 

nm and 5 nm for PET and Kapton respectively.  If the effective pore density was ten times 

lower, i.e. 107 pores/cm2, giving a tip diameter of ~5 nm and 16 nm for PET and Kapton.   

To achieve a bipolar junction membrane, the tip side must be chemically modified to 

attach positively charged functional groups.  The procedure is outlined in Chapter 2 as well 

as a previous work by Vlassiouk & Siwy [41].  The procedure described attaches 

ethylenediamine, which gives a single positive charge for every bond formed.  However, 

since the simulations showed that higher salt rejection occurred with higher surface charge 

density, the modifications were performed with spermine, which doubles the positive 

charge per bonded group.  Figure 5.8 shows example IV curves for both PET and Kapton 
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membranes with a pore density of 108 pores/cm2.  Similar to the unmodified Kapton IV 

curves, the IV curves for a modified Kapton membrane showed typical curve that is 

inverted.  The IV curve for a modified PET membrane is relatively linear, similar to its 

unmodified counterpart.  The measured ion current for the modified IV curve is generally 

about half of that seen in the unmodified pore.   

The crux of this project is the measurement of the rejection rate, as calculated in 

Equation 5.9.  After etching, the membrane is sandwiched between two Kel-F conductivity 

cells.  The base side faces the high pressure side, which is in contact with the feed solution.  

The pressure is applied from one of two sources: 1) as air provided from the building, 

which goes up to 60 psi, and 2) from a scuba tank, which can go to pressures greater than 

100 psi.  On the tip side, there is a mesh to support the membrane to keep it from tearing 

and reduce deformations and is open to atmosphere.  The permeate is collected in a tared 

vial and weighed, using the density of water to convert the weighed permeate to a volume.  

Since the amount of permeate collected is less than 1 mL over several hours, both the feed 

and permeate are diluted in DI water before conductivity measurements.  Typically, 15 μL 

of the feed and permeate are diluted in 15 mL of DI water.  The conductivity of the diluted 

solution is then measured in a conductivity meter (Fisher Accumet Basic AB30).   

As alluded to earlier, stopping the etching process at the proper etch current is quite 

important.  At too large of an etch current, the pore diameters will be too large, decreasing 

or even eliminating its salt rejection abilities.  If the etch current is too small however, the 

pore may not be large enough to flow.  Figure 5.9 showcases this idea, especially the 

Kapton plot, which highlights the data points in which no flow was observed, whereas the 
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other data points had flow and a measurable rejection rate.  Thus, this becomes an 

optimization problem to find the etch current with the highest rejection rate.   

 

 
Figure 5.8 – IV curves for 108 pores/cm2 Kapton (left) and PET (right) before and after modifying with 

spermine.  Kapton modification shows an inversed curve compared to the unmodified curve.  PET 
modification shows linear behavior, albeit at a lowered current [80].   

 

 
Figure 5.9 – Salt rejection rates for Kapton (left) and PET (right) given their etch currents.  The Kapton data 
points were taken in 100 mM KCl solution, while the PET were in 10 mM KCl solutions.  The plots indicate 

that there is an optimal etch current to reach the highest salt rejection rate.  Anything higher will decrease the 
membranes rejection ability, while anything lower will have no discernable flow.   

 

Table 5.1 shows experimental data points for 8 Kapton pores and 2 PET pores.  

Whether or not the membrane has been modified is indicated in the middle column.  The 
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last column indicates the percent rejection, as well as the concentration of KCl and pressure 

the experiment was performed in.  Typically, unmodified Kapton membranes in 100 mM 

KCl have low rejection rates, hovering at ~15%.  As predicted by Comsol modelling, the 

modified Kapton pores have a much higher rejection rate, ranging from 35% to 55% for 

100 mM KCl, more than doubling the rejection rate.  Membrane 9, made of PET, 

demonstrates this point further, in that the unmodified pore did not reject salt at all in 100 

mM KCl.  Post modification however, the salt rejection jumps to 32% under the same 

experimental conditions.  Membrane 3 highlights the concentration effects, in which the 

rejection rate at 50 KCl higher than the rejection rate at 100 mM KCl; again, this is in 

agreement with the Comsol modeling. 

 Surface Charge Percent Rejection 
Membrane 1 – Kapton, 108 
per cm2 

Diode 35% (100 mM), 60 psi 
 

Membrane 2 - Kapton, 108 
per cm2 

Diode 41% (100 mM), 60 psi 
 

Membrane 3 - Kapton, 2 108 
per cm2 

Diode 50% (100 mM), 70 psi; 
65% (50 mM), 70 psi 

Membrane 4 – Kapton, 108 
per cm2 

Diode 55% (100 mM), 60 psi 

Membrane 5 - Kapton, 108 
per cm2 

Unmodified 16% (100 mM), 60 psi 

Membrane 6 - Kapton, 2˕108 
per cm2 

Unmodified 14% (100 mM), 60 psi  

Membrane 7 - Kapton, 2˕108 
per cm2 

Unmodified 14% (100 mM), 60 psi  

Membrane 8 – Kapton, 108 
per cm2 

Unmodified 17% (100 mM), 60 psi 

   
Membrane 9 – PET, 108 per 
cm2 

Unmodified 0% (100 mM), 60 psi 
 

Diode 32% (100 mM), 60 psi 
Membrane 10 - PET, 108 per 
cm2 

Diode 42% (10 mM), 40 psi 

Table 5.1 – Experimental data from 10 independent membranes.  The membrane material and pore density 
are indicated in the first column.  The ‘Surface Charge’ column indicates if the data is for a modified or 
unmodified case.  Lastly, the ‘Percent Rejection’ column indicates the salt rejection measured and its 

experimental conditions. 
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Although this work is in its preliminary stages, it is clear that salt rejection occurs in 

conically shaped polymer pores up to 100 mM KCl solutions.  From SEM images and 

estimates from the Hagen-Poiseuille equation, the tip diameter is estimated to be larger 

than 3 nm, meaning electrostatic rejection is the dominant mode of separation. The salt 

rejection is more than doubled if the pore tip is modified with spermine to create bipolar 

junction.  Additional experiments to consider include determining the effects of pressure, 

solution concentration, and pH.  In addition, salt solutions can vary to include other 

monovalent (i.e. NaCl) and divalent (i.e. CaCl2) salts.   
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CONCLUSIONS 

The thesis has shown a variety of methods to prepare pores with controlled 

geometry and surface chemistry. These pores were used as a model system to understand 

transport properties at the nanoscale as well as the basis for preparation of sensors and 

desalination units. 

Polymer pores prepared by the track-etching technique are very versatile and 

fabrication of conical and cylindrical pores was demonstrated. We showed that pores 

prepared in polyethylene terephthalate (PET) feature undulating diameters so that they 

contain zones that are wider and zones which are narrower than the average diameter. 

This undulating, called also ‘rough’, pores were found crucial in being able to distinguish 

between objects that were spherical as well as rod-shaped particles in an experiment called 

resistive-pulse. We believe this finding extends the current resistive-pulse technique 

beyond sizing so that multiple physical parameters of individual objects can be determined. 

Conically shaped nanopores in PET were prepared as the basis to design a new type 

of desalination units. Current reverse osmosis membrane reject ions mostly based on size, 

so that smaller water molecules can pass through, while larger ions are rejected. In order to 

increase the throughput of desalination, we proposed to use nanopores with diameter as 

large as 5 nm, containing a junction between positively charged and negatively charged 

zones on the pore wall. Surface charge density of both zones is high and exceeds 1 

elementary charge per nm2. We demonstrated that ion rejection can indeed be achieved via 

electric interactions of the passing ions with the charged walls. 

Finally, we fabricated single nanopores in a different material, silicon nitride, using a 

direct electron beam drilling in a transmission electron microscope. These pores equipped 
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with a gold layer on one surface allowed us to create a nanopore system, whose surface 

charge properties could be controlled ‘contactless’ with an electric potential difference 

applied across the nanopores. This work also demonstrates how gold polarization can be 

used to induce new ionic properties. 

Future work will be directed in combining various pores into ionic circuits to create 

more complex and versatile nanofluidic systems with application in sensing. Future efforts 

will also focus on improving homogeneity of the pore opening diameter in multipore 

membranes to improve their performance in separation processes including desalination. 
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