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Abstract 

Inspired by biological ion channels embedded in cell membranes, which enable the 

selective transport of water, ions and organic molecules, synthetic ion channels fabricated in 

ion-tracked polymer membranes are attractive in a wide field of applications. Besides 

electrochemical sensing and stimuli-responsive devices, recently, molecular separation and 

purification processes as well as energy conversion systems gained much attention. All these 

applications necessitate a precise control over the channel dimensions and surface properties 

to meet the specific requirements. The fabrication process is proceeded by swift heavy ion 

irradiation of polymer films to generate latent tracks, which are converted into nanochannels 

using a suitable chemical etchant. A careful adjustment of the track-etching conditions allows 

producing channels with the desired diameter and geometry.  

In this thesis, new track-etching methods are developed to generate nanochannels in 

polyimide (PI), a polymer with excellent chemical and mechanical stability. The newly 

developed soft-etching technique allows a selective removal of damaged material from the latent 

track without affecting the bulk material, enabling the formation of sub-nanometer sized 

channels. These membranes exhibit an efficient and selective transport of small cationic species 

like alkali, NH4
* and lithium-crown ether [Li(12C4)]+  ions,  while the passage of divalent metal 

ions or bigger cationic analytes is hindered. Furthermore, the role of organic solvents in the 

chemical track-etching of PI membranes is investigated. Significantly higher etch rates can be 

achieved by using organic solvents, either as a pretreatment or as an additive during standard 

NaOCl etching. The ion permeation across the polymer membrane is performed in aqueous and 

aprotic organic electrolytes. The effect of surface charge density on the transport behavior of 

polymeric nanochannels in water is demonstrated using PAMAM dendrimers of various 

generations. The deposition of dendrimer molecules with positively charged amino groups on 

the channel walls induces an anion-selective ion transport, reaching the highest anion-flux for 

PAMAM of second generation. In organic electrolytes, the formation of solvated metal cations 

[M(solvent)4]+ causes a dramatic reduction of the ion conductivity in soft-etched PI 

membranes, whereas track-etched PI membranes follow the same trend of the corresponding 

bulk solution conductivities. Track-etched polymer membranes show anion selectivity due to 

the deposition of [M(solvent)4]+ in anhydrous propylene carbonate and acetonitrile, while 

similar anion and cation fluxes are measured in dimethylformamide. The presented results can 

be useful for membrane-based molecular filtration and purification processes in liquids and 
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gases as well as in energy conversion nanofluidic devices operating in water and organic 

solvents. 



 

           IX 

Kurzbeschreibung 

Inspiriert von in Zellmembranen eingebetteten biologischen Ionenkanälen, die den 

selektiven Transport von Wasser, Ionen und organischen Molekülen ermöglichen, sind 

synthetische Ionenkanäle in schwerionenbestrahlten Polymermembranen für viele 

Anwendungsgebiete attraktiv. Neben elektrochemischen Sensoren und stimuliresponsiven 

Bauteilen haben in letzter Zeit ebenfalls molekulare Trenn- und Reinigungsverfahren, sowie 

Energieumwandlungssysteme viel Aufmerksamkeit erregt. Diese Anwendungen erfordern eine 

präzise Kontrolle der Kanaldimensionen und deren Oberflächeneigenschaften, um die 

spezifischen Anforderungen zu erfüllen. Der Herstellungsprozess erfolgt durch die Bestrahlung 

von Polymerfilmen mit Schwerionen, um laterale Spuren zu erzeugen, die mit einem geeigneten 

chemischen Ätzmittel in Nanokanäle umgewandelt werden. Eine sorgfältige Anpassung der 

Spurätzbedingungen ermöglicht die Herstellung von Kanälen mit dem gewünschten 

Durchmesser und der gewünschten Geometrie.  

In dieser Arbeit werden neue Spurätzverfahren entwickelt, um Nanokanäle in Polyimid 

(PI) zu erzeugen, einem Polymer, welches sich durch hervorragende chemische und 

mechanische Stabilität auszeichnet. Die neu entwickelte soft-etching-Technik ermöglicht eine 

selektive Entfernung von beschädigtem Material aus der latenten Spur, ohne das 

Volumenmaterial zu beeinträchtigen, wodurch Kanäle im sub-Nanometer-Bereich gebildet 

werden können. Diese Membranen weisen einen effizienten und selektiven Transport kleiner 

kationischer Spezies wie Alkali-, NH4
+ und Lithium-Crown Ether [Li(12C4)]+ Ionen auf, 

während der Durchgang von zweiwertigen Metallionen oder größeren kationischen Analyten 

verhindert wird. Darüber hinaus wird die Rolle organischer Lösungsmittel beim chemischen 

Spurenätzen von PI Membranen untersucht. Durch die Verwendung organischer Lösungsmittel, 

entweder als Vorbehandlung oder als Additiv beim standardmäßigen NaOCl-Ätzen, können 

deutlich höhere Ätzraten erreicht werden. Die Ionenpermeation durch die Polymermembran 

wird in wässrigen und aprotischen organischen Elektrolyten durchgeführt. Der Einfluss der 

Oberflächenladungsdichte auf das Transportverhalten polymerer Nanokanäle in Wasser wird 

anhand von PAMAM-Dendrimeren verschiedener Generationen demonstriert. Die Ablagerung 

von Dendrimermolekülen mit positiv geladenen Aminogruppen an den Kanalwänden induziert 

einen anionenselektiven Ionentransport und erreicht den höchsten Anionenfluss für PAMAM 

zweiter Generation. In organischen Elektrolyten führt die Bildung von solvatisierten 

Metallkationen [M(Solvat)4]+ zu einer dramatischen Verringerung der Ionenleitfähigkeit in 

soft-etched PI Membranen, während spurgeätzte PI Membranen dem gleichen Trend der 
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entsprechenden Volumenleitfähigkeiten des Elektrolyten folgen. Spurengeätzte Polymer-

membranen zeigen Anionenselektivität aufgrund der Abscheidung von [M(Solvat)4]+ in 

wasserfreiem Propylencarbonat und Acetonitril, während ähnliche Anionen- und 

Kationenleitfähigkeiten in Dimethylformamid gemessen werden. Die präsentierten Ergebnisse 

können für membranbasierte molekulare Filtrations- und Reinigungsverfahren in Flüssigkeiten 

und Gasen, sowie für nanofluidische Energiekonversionssysteme, die in Wasser und 

organischen Lösungsmitteln arbeiten, nützlich sein. 
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CHAPTER I: GENERAL INTRODUCTION 

Synthetic nanochannels are very interesting for the global research community because 

of their implementation for the miniaturization of sensing devices with incredibly versatile 

applications, for example in the field of bio- and nanotechnology [1–3]. Moreover, the 

nanoporous membranes are frequently employed for molecular separation and purification 

processes as well as energy conversion systems [4–9]. Nanochannel analysis utilizes the 

phenomenon of the molecular transport processes through nanoscale channels as an analytical 

tool. 

Nanochannel-based sensors are inspired by nature, where biological cells use ion 

channels, embedded within cell membranes, to communicate chemically and electrically with 

the extracellular surrounding.  Biological ion channels are of significant importance for various 

physiological functions in life processes because they can open and close in response to ambient 

stimuli and regulate ion flow through the cellular system. Biological ion channels are membrane 

protein complexes, which are very sensitive and selective on a molecular level during regulation 

of ion permeation. Although biological ion channels show excellent ion selectivity and 

sensitivity, they are only stable in their natural environment and their application in a sensing 

device is limited. 

Synthetic nanochannels combine the permselective characteristics of biological ion 

channels with high membrane stability of the raw material. Depending on the application, the 

dimensions (size and diameter) of the synthetic nanochannels can be tuned precisely. 

Furthermore, they also exhibit ionic transport properties like current rectification and voltage-

dependent current gating.  

1.  Motivation and Aims 

Synthetic nanochannels belong to future technologies with incredible potential because 

of their implementation for the miniaturization of sensing devices, for molecular separation and 

purification processes as well as energy conversion systems. Up to now, numerous works have 

been published describing fundamental findings about nanochannel fabrication methods and 

analyte transport phenomena in nanofluidic confinements, as well as several established 

nanochannel modification methods to tailor the channel surface on demand for precise sensing 
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applications. Especially biosensors are of special interest as they play an essential role in medical 

diagnosis.  

Commercially available polymers like polyethylene therephthalate (PET) and polyimide 

(PI) are mainly used to fabricate polymeric nanochannels through ion track-etching technique. 

These polymers as solid-state materials for artificial nanochannels are attractive because they 

are inexpensive, mechanically and chemically stable and applicable in electronic devices. 

Although fabrication methods for PET and PI nanochannels are established to design 

membranes with nanochannels of various dimensions and densities, the life-time of “soft” 

polymeric nanochannels like in PET is limited. On that score, PI (Kapton) nanochannels are 

more attractive due to their excellent thermal, mechanical, chemical and electrical stability 

offering the opportunity for a wider field of applications. A big disadvantage of PI as the raw 

material is the more difficult and time-consuming nanochannel fabrication procedure. One aim 

of this work is to improve the wet chemical etching of PI latent tracks in terms of faster and 

more controllable channel formation to make nanoporous PI membranes more available and 

operational, and therefore more attractive in the use of nanofluidic confinements. 

Since many publications focus on the biomimetic approach of polymeric nanochannels, 

ion transport phenomena are mostly investigated in aqueous solutions. However, the 

applicability of aqueous electrolytes is often limited for many requirements, which raises the 

demand of non-aqueous electrolytes. A further aim of this thesis is to extend the media of 

operations of nanofluidic diodes.  Therefore, transport phenomena in dependence of the 

electrolyte solution and the nanochannel surface charges are investigated not only under 

aqueous, but also under non-aqueous conditions.    

2.  Biological Model 

Nanochannels with a diameter from one to hundreds of nanometers play a major role 

in most biological mechanisms. Cell membranes contain small channels (gates) formed of self-

assembled membrane proteins, which are involved in almost all physiological processes in living 

organisms [10]. They produce and transmit electrical signals in the cell, and are used for 

physiological functions like energy storage. Furthermore, biological nanochannels allow the 

communication between the cells and their environment in form of a targeted or controlled 

translocation of certain ions, molecules or signals [11–14]. The transport of species through the 

cell membrane is determined by the transmembrane protein forming the nanochannel. That 

way, transport proteins differ in the direction the transport takes place. For example, a “uniport” 

allows the permeation only in one direction (e.g. from outside to inside of the cell), whereas an 
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“antiport” transports one species from the external environment, while another species leaves 

the cell. Other nanochannels allow only the selective passage of a specific species. Here, carrier 

proteins selectively transfer certain molecules, aquaporin proteins transport water and ion 

channels carry anionic (e.g. Cl-) as well as cationic (e.g. K+. Na+, Ca2+) species across the cell 

membrane [15–18]. External stimuli, such as pH, ionic force, light or potential difference 

between the two sides of the cell membrane activate stimuli-responsive ion nanochannels. 

 Biological nanochannels can be used in bio- and nanotechnology for example as single 

molecule sensors by inserting the nanochannels in lipid bilayers [19]. However, this approach 

has crucial limitations. Firstly, using biological nanochannels to produce a large membrane 

surface with a high nanochannel density cannot be considered, and secondly, lipid bilayers are 

very sensitive to the external environmental conditions (pH, temperature etc.), so that their 

adaptation for sensing applications is limited to their natural biological environment.  

To overcome the limitations of biological nanochannels in technological applications, 

synthetic nanochannels made in solid-state materials are very interesting for researchers. 

However, solid-state materials suffer from a lack of selectivity and unresponsiveness against 

external stimuli. By mimicking characteristics of biological nanochannels (structure, sensing 

properties and others), fundamental understanding of the characteristic gating and 

permselectivity mechanisms of these biological systems can be gained and implemented in the 

engineering of artificial nanochannels made from different organic or inorganic materials [14]. 

Furthermore, synthetic nanochannels have many advantages compared to the biological ones: 

they are thermally, mechanically and chemically more stable, their dimensions (shape, size) are 

tunable, and the applicability in nanofluidic systems and an upscale to large area is possible. 

Combining the advantages of synthetic and biological nanochannels, the versatility of 

nanochannel technology enables applications like drug delivery or energy conversion, and to 

obtain reliable biosensors at reasonable prices with mass production capabilities, with the 

potential of even single molecule detection [10, 20]. 

3.   Biomimetic Synthetic Nanochannels 

Initially, the focus of nanochannel-based sensors was on deoxyribonucleic acid (DNA) 

sequencing [3, 21, 22]. However, these sensing devices can also be used for a variety of different 

applications like protein fingerprinting, biomarker detection, ultrasensitive ion detection, 

nanoparticle fabrication and nanoscale chemical reactors [20, 23–26]. With regards to this wide 

field of applications, it is important to be able to vary the nanochannel dimensions and operate 

these devices in a wide range of environmental conditions. 
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Depending on the desired application, the nanochannel dimensions such as size, shape, 

surface properties as well as the utilized membrane materials can be tuned to fulfill specific 

requirements. Solid-state materials employed for the nanochannel fabrication can be 

subdivided into nitrides, oxides, polymers, 2D materials, glass and nanotubes [27–35]. Table 1 

gives an overview about common solid-state materials used for synthetic nanochannel 

fabrication.  

Table 1: Overview about solid-state materials for synthetic nanochannel fabrication [10, 22, 36, 37].  

Substrate Advantages Disadvantages 

silicon-based:  

SiC, SiO2, Si3N4 

[38–40] 

 robustness 

 dielectric strength 

 good resistivity 

 well-defined sizes 

 

 membrane fragility 

 extensive fabrication 

procedure 

 no functional groups for 

chemical functionalization 

 bad spatial resolution 

Al2O3 [41]  dielectric strength 

 possibility to adjust surface 

changes 

 higher signal-to-noise ratio 

compared to silicon-based 

nanochannels 

 longer mechanical durability 

compared to silicon-based 

nanochannels 

 membrane fragility 

 spatial resolution is limited 

 no functional groups for 

chemical functionalization 

2D-materials: 

graphene, BN, 

MoS2 [21, 42, 
43] 

 good spatial resolution 

 excellent electrical properties 

 

 membrane fragility 

 extensive fabrication 

procedure 

 surface modification 

needed to increase 

durability 

borsilicate 

glass and 

quartz 

[35, 44, 45] 

 mechanical and chemical stability 

 cost-efficient 

 dielectric constant of glass 

reduces signal noise 

 surface functionalization via 

salinization chemistry possible 

 conical nanochannels: high aspect 

ratio  

 extensive fabrication 

procedure 

polymer: 

polyethylene 

therephthalate, 

polyimide, 

polycarbonate 

[46–48] 

 

 

 cost-efficient 

 mechanical, chemical, thermal 

and electrical stability 

 good spatial resolution 

 chemical modification possible 

through functional groups 

 surface charges 

 expensive heavy ion 

irradiation needed 

 polymer structure 

determines nanochannel 

fabrication conditions 

 

A sensing device at the nanometer scale requires good spatial resolution. Furthermore, 

it is desirable to have active control over the nanochannel surface chemistry to match specific 

requirements concerning hydrophobicity, selectivity and interaction with analytes. Still, the 

modification of solid-state materials is often limited. Si3N4 nanochannels were modified for 
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example by depositing a layer of aluminium oxide through chemical vapor deposition [49]. 

Different organosilanes were functionalized by using the native oxide layer of Si3N3 

nanochannel inner walls [50]. The channel surface properties in alumina membranes can be 

tuned with silane chemistry [51]. Glass nanochannels have Si-OH groups on the channel surface 

that are used for silanization [52]. Among the solid-state materials presented in Table 1, 

polymeric nanochannels are most flexible in the surface properties modification because the 

carboxylic acid groups, generated in the channel fabrication process, can be tuned via covalent 

modification or electrostatic self-assembly [53–55]. 

It is very difficult to find a suitable material to design artificial nanochannels, which are 

characterized by mechanical and chemical stability, have excellent dielectric strength with high 

signal-to-noise ratio, have functional surface groups for chemical modification and the 

generation of surface charges, and whose fabrication process is simple, cost-efficient and 

flexible when it comes to variation of nanochannel dimensions and an upscale of the sample 

throughput. Various methods were implemented to generate synthetic nanochannels, for 

example focused ion beam (FIB) and focused electron beam (FEB) sculpting, dielectric 

breakdown, laser assisted pulling of capillaries, plasma etching or track-etching technique 

(Table 2) [56–63]. Chen and Liu have compared and summarized the limitations of various 

solid-state nanochannel fabrication techniques [37]. For example, the FIB and FEB techniques 

can only be employed to fabricate nanochannels in very thin (<100 nm) membranes. Moreover, 

FIB and FEB, laser assisted pulling of capillaries and plasma etching are not cost-effective 

because they rely on several manufacturing steps as well as expensive instrumentation, 

preventing a mass production of nanochannel-based devices [10, 37, 58, 62, 63]. In contrast, 

dielectric breakdown is a simple and cheap method. But, the generated nanoporous membranes 

show different effective thicknesses, which affects the sensing properties since not only the 

nanochannel diameter, but also the channel length is critical for analytical performance [10, 

58]. On the other hand, track-etching technique enables to fabricate homogeneous and high-

efficient nanochannels on a massive scale at moderate cost. Furthermore, the track-etched 

nanochannel exhibit mechanical and chemical stability to modify the channel surface 

characteristics [10, 20, 37]. 
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Table 2: Fabrication methods of synthetic nanochannels in solid-state materials [10, 22, 36, 37]. 

Fabrication method Advantages Disadvantages 

beam technique [38–

42] 

 metal [64] 

 SiC, SiO2, 

Si3N4  

 graphene 

 Al2O3 

 high control over the 

nanochannel dimensions 

 channel diameter < 5 nm 

possible  

 

 expensive instrumentation 

 only one single nanochannel 

can be produced at a time 

(low sample throughput) 

 complicated fabrication 

procedure 

 difficult control of the 

nanochannel diameter 

controlled dielectric 

breakdown [58] 

 Si3N4 

 graphene 

 MoS2 

 simple fabrication 

procedure 

 cost-effective 

 no expensive 

instrumentation needed 

 channel diameter < 2 nm 

possible 

 different effective 

membrane thicknesses (low 

signal-to-noise ratio) 

 fabrication of only single or 

multiple nanochannels at a 
time (no scalable 

production) 

laser assisted 
capillary pulling [35, 

44, 59] 

 glass 

 quartz 

 fabrication of single 

nanochannels with high 

rectification ratio 

 low-cost substrate material 

 expensive instrumentation 

 low sample throughput 

 nanochannel diameter 

reproducibility is difficult 

plasma etching [63, 

65] 

 polymer  

 Si 

 precise formation of a 

single nanochannel at any 

desired surface position 

 variable channel diameter 

 expensive instrumentation 

 low sample throughput 

track-etching 

 polymer 

 cost-effective 

 flexibility in nanochannel 

shape and geometry 

 fabrication of single and 

multiple nanochannels at a 

time (scalable production) 

 high sample throughput 

 simple fabrication 

procedure 

 difficult reproducibility of 

the channel shape and 

diameter  

 limited on heavy ion 

irradiated polymer 

membranes 

 

4.   Heavy Ion Track-Etched Polymer Membranes 

The detection of analytes inside the nanochannel-confinement significantly correlates 

with a nanoscale control over the shape and dimensions of the channel. When the nanochannel 

diameter is in the order of the analyte size, only one analyte molecule can be sufficient to 

provide a blockage of the gate [66]. Since the control over the channel geometry for the use as 

a sensing device is of great importance, numerous publications focus on the precise detection 

of analytes like small molecules, DNA, DNA-fragments and ionic species [20, 46, 53, 67–70]. 
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4.1. Fabrication of Polymeric Nanochannels 

One way to have control over the nanochannel geometry is to apply the track-etching 

technique for nanochannel fabrication [31, 71]. This technique is particularly applied to 

produce nanochannels in polymers like polycarbonate, polyethylene terephthalate and 

polyimide (Figure 1) [48, 53, 72, 73]. The fabrication of ion track-etched polymer membranes 

consists of two steps. In the first step, the polymer foil is irradiated with swift heavy ions (SHI) 

[48, 74, 75]. High local confinement of dissipated energy of SHI produces continuous damage 

trajectories (latent tracks) that consist of highly degraded material with increased chemical 

reactivity [74]. This leads to anisotropy and high heterogeneity of the polymer on the 

nanometer scale. In the next step, wet chemical etching further modifies the structure of the 

heavy ion irradiated polymer foils and generates micro- and nanostructured membranes. 

Polymers like polycarbonate, polyethylene terephthalate and polyimide have a heteroaromatic 

backbone that allows the etchant to penetrate easier into the track to create the nanochannel 

[31]. For this reason, nanochannels are only created along the latent tracks.  

 

Figure 1: Chemical structure of heteroaromatic polymers with their respective repeating units: (a) 
polyethylene terephthalate (Hostaphan®, Mitsubishi Polyester Films GmbH), (b) polycarbonate 
(Macrofol®, Bayer AG) and (c) polyimide (Kapton®, DuPont). 

 

4.1.1. Latent Track Formation 

Polymer irradiation with swift heavy ions leads to the formation of latent tracks (Figure 

2). The influence of SHI on polymers is characterized by a high value of linear energy transfer 

and a narrow spatial distribution of primary excitation and ionization events around the ion 

path. To penetrate solids on a straight line and to produce a continuous damage trail, SHI are 

accelerated in particle accelerators to energies in the MeV or GeV range. Such high energetic 

irradiation is performed for example inside the universal linear accelerator (UNILAC) at the 

GSI-Helmholtz-Center for Heavy Ion Research (Darmstadt, Germany) [76]. 

SHI irradiation is used to produce templates with varying latent track densities 

(fluence). When the calibrated ion beam is focused on the polymer foil for longer times, higher 

fluences inside the bombarded substrate are achieved. That way, fluences ranging from 103 – 

109 ions per cm² are adjustable. Furthermore, when the ion beam is reduced to a low frequency 

of only a few ions per second, a single-ion penetration of the polymer can be achieved. Here, a 
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metal mask with a single hole of 200 m opening diameter is placed in front of the substrate to 

keep the contact area between SHI and the sample as small as possible. Right behind the 

polymer substrate, a solid-state particle detector is located. As soon as a SHI has passed the 

polymer foil, it reaches the detector area and induces a signal, which makes the shutter stop 

the ion beam, immediately [76]. 

 

Figure 2: SHI irradiation of the polymer leading to the generation of a latent track along the SHI trail. The 
latent track is a cylindrical-shaped damage zone with the track core in the center surrounded by the track 
halo. 

 The formation of a latent track occurs, if both the energy and the effective charge of the 

accelerated SHI are high enough to penetrate the target material. When SHI enter the polymer 

foil, the projectile transfers its kinetic energy into the template. This energy loss generates 

excited and ionized states inside the polymer [75]. Nuclear energy loss causes elastic 

interactions between the accelerated ions and the polymer atoms. Electronic energy loss 

describes the effect of electrons that induce a subsequent delta-electron cascade of the 

surrounding material. The release of target electrons belongs to the particle excitation, and 

these electrons interact with the polymeric chains to form radicals and other active 

intermediates [48, 75, 77–79]. Further processes include reactions like recombination and 

disproportionation, oxidation and generation of new groups or molecules like peroxides, 

hydroperoxides, hydroxyls and carboxyls [80–82]. This leads to a homolysis of molecular bonds 

and the creation of zones with increased free volume that are formed due to a release of volatile 

radiolysis products like CO, CO2, CH4, H2 etc.[76, 77, 83].  

The latent track has two regions. In the center of the path is the cylindrical-shaped track 

core with a radius of less than 10 nm [75]. In this zone, the polymer undergoes a deep 

transformation with intense damages caused by the mutual coulombic repulsion of the ionized 

atoms, followed by a thermal spike [74, 75, 77]. The atomic number and energy of the SHI 

determine the density of ionization and the radius of the core. Most of the covalent bonds in 

the track core (including backbone and side groups) are broken in the polymer foil and the 

polymer density is reduced due to a depletion of hydrogen atoms and other volatile fragments 

[83, 84]. Using SHI with a kinetic energy of 11.4 MeV u-1 (e.g. 197Au), the energy transfer of the 

SHI on the polymer causes a rupture of chemical bonds [76, 83]. Electrons that leave the core 
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and disperse their energy into the surrounding polymer structure, create the track halo with a 

diameter in the range of 100 – 1000 nm [75]. A characteristic feature of aromatic polymers is 

the cross-linking of the macromolecules in this region [74, 82]. However, regarding the deep 

transformation of the track core, the modification of the polymer properties in the halo is not 

as strong [31, 74, 77]. 

In the following step, the latent tracks can be transformed into nanochannels using a 

suitable chemical ion track-etching technique, which will be described in detail in the next 

section. 

 

4.1.2. Track-Etching Process 

Chemical etching solutions are able to selectively etch the damaged zones of the 

bombarded polymer foil to transform latent tracks into nanochannels (Figure 3) [37, 77, 85]. 

Irradiation of the polymer foil with soft UV-light (320 nm) is often used to sensitize the polymer 

prior to the wet chemical etching step to increase the etch rate vtalong the track (by breaking 

additional bonds) [31, 86]. The free volume in the track core facilitates the penetration of 

etching solution along the SHI trajectory and accelerates the chemical degradation of the 

macromolecular segments located there [77]. Besides the free volume, the radiation induced 

chemical modifications of the macromolecules as well as the distribution of the polymer density 

in the latent track raise the assumption that the preferential etching occurs in a cylinder with a 

few nanometer radius along the track core [87]. The etch rate of the bulk material is referred 

as the bulk-etch rate vb. The etching of the bulk material causes a reduction of the polymer foil 

thickness and a widening of the nanochannel. 

 

Figure 3: Schematic representation of the chemical etching of a latent track in the SHI irradiated polymer 
[10]. 

The nanochannel shape crucially depends on the ratio of the track- and bulk-etch rate 

[87]. Many parameters have influence on the track-to-bulk-etch-rate ratio, such as sensitivity 

and chemical nature of the polymer, energy loss of the SHI, etching solution, UV-light 
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sensitization, etching temperature and etching time. For vt>>vb, the nanochannel opening 

angle α (Eq. 1) approaches to zero and the channel geometry is cylindrical-shaped. Since the 

reactivity of the etchant inside the latent track is higher than in the bulk material, vtis higher 

than vb. The modification of nanochannel fabrication parameters, such as the choice of the 

etching solution, etchant concentration, etching temperature and etching time, to adjust the 

track- and bulk-etch rates, nanochannels with various geometries can be designed [31, 47, 72, 

88–91].  

 sin(𝛼) =
𝜈𝑡

𝜈𝑏
 Eq. 1 

  Different nanochannel shapes are generated for example by etching the polymer foil 

from both sides (symmetrical etching) or only from one side (asymmetrical etching). Figure 4 

gives an overview of nanochannel geometries that are produced by using the ion track-etching 

technique. Symmetrical etching is used to fabricate cylindrical, hourglass, spinel-like or 

dumbbell shaped channels. Spinel-like geometries are achieved by adding surface-active 

reagents (surfactants) to the etching solution [90, 92]. An hourglass geometry is achieved by 

stopping the etching process immediately, when both etching fronts hit each other 

(breakthrough point). A dumbbell shape is reached when the etching is performed in two steps 

with changing etching conditions like varying bulk- and track-etch rates or the etching 

temperature [47]. Performing the chemical etching only on one polymer side results 

nanochannels with a conical, bullet-like or cup-shaped geometry [91, 93]. 

 

Figure 4: Schematic overview of nanochannel shapes generated in (a) symmetrical and (b) asymmetrical 
track-etching of heavy ion irradiated polymer membranes. 

 From the molecular point of view, chemical etching causes a fragmentation of the 

polymer chains due to the breaking of chemical bonds. For PET, the etching process leads to an 

ester group cleavage that was originally formed by a condensation of terephthalic acid and 

ethylene glycol (Figure 5). The carboxyl groups of the polymer chains are attacked by the 

nucleophilic hydroxyl groups of the sodium hydroxide (NaOH) etchant. In the following step, 

the unstable intermediate is rearranged and the ester group splits into a carboxylate and a free 

hydroxylate group. These groups are protonated in contact with water molecules [94, 95].  
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Figure 5: Mechanism of the ester cleavage during the chemical etching process of PET with NaOH. 

 In case of PI (Kapton), which is highly heat-resistant and also resistant against most 

chemicals, the preferential etch points are the ether and imide bonds in the polymer chain. 

Strong alkaline etchants, such as sodium hypochlorite (NaOCl, pH > 12) at high temperature 

(50°C), lead to an imide ring cleavage in the latent tracks (Figure 6)[96]. Like for PET, water 

molecules protonate the carboxylate groups generating carboxyl groups at the end of the broken 

polymer chain. The etching process of PI is complex because simultaneous oxidation and 

alkalinity make it hard to say what point in the molecule is etch-rate-dominating. 

 

Figure 6: Mechanism of the imide ring cleavage during the chemical etching process of PI with NaOCl [95–
97]. 

 

4.1.3. Chemical Functionalization of Nanochannel Surface 

After the chemical etching process to fabricate nanochannels in PET or PI, the resulting 

nanochannel surface contains carboxylate groups. The carboxylate groups can be described as 

the first surface modification of the nanochannels. By adjusting the channel shape and 

dimensions, the carboxyl-group-modified nanochannels can be used in different applications 

like sensing or filtration of ionic species. However, carboxyl groups are not able to fully exploit 

the range of molecular transformations. Instead, these chemical moieties on the nanochannel 

walls are used as starting points to further modify the channel surface. The modification is done 

in a symmetric or asymmetric way on the whole surface or only on some part of it. This allows 

to implement sensing characteristics to the nanochannels in the presence of an analyte due to 

the incorporation of novel molecules with unique properties [98–100]. The ability to design 
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membranes with tailored and tunable functions with geometrical control over the dimension, 

shape and size of the nanochannel confinement makes track-etched polymers widely applicable. 

The attachment of new functional groups on the nanochannel walls is carried out using 

different approaches. The formation of a new molecular bond between the carboxyl carbon and 

the attached molecule happens in the case of covalent coupling modification [46, 101, 102]. A 

special class of covalent coupling chemistry is the click-chemistry. Here, an outstanding affinity 

between the surface functional group and its counterpart results the implementation of a new 

functionality on the nanochannel surface [53, 103, 104]. Another possibility to functionalize 

the nanochannel walls is the attachment of opposite charges. Electrostatic interactions between 

positively and negatively charged compounds lead to a physisorption of analytes on the 

nanochannel surface [54, 55, 105]. Interactions with metal ions can lead to metallic 

complexation [46, 53, 106]. 

 

Figure 7: Schematic illustration of the attachment of new functional groups (yellow symbol) on the track-
etched nanochannel surface by using different functionalization strategies. Covalent coupling induces a 
new molecular bond between the nanochannel surface and the analyte. Click-chemistry is characterized 
by the reaction of two analytes, which interact in a lock-and-key system to generate a stabile chemical 
connection. Electrostatic interactions occur between negatively and positively charged compounds and 
an interaction between the nanochannel carboxyl groups and metal ions can lead to a metallic 
complexation.  

 

4.2. Principle of a Nanochannel-Based Sensing Device 

The sensing methods for nanochannel applications are primarily based on current-

voltage (I-V) measurements. The presence of certain amounts of the analyte causes conductive 

changes. Applying an external voltage that induces ion permeation through the membrane 

enables a qualitative and quantitative sensing of the analyte through biological as well as 

artificial nanochannels. 

For I-V measurements, the nanoporous polymer membrane is fixed between two 

chambers of the conductivity cell, which are filled with an electrolyte solution. In addition to 

the nanochannel geometry and surface charge, the ionic flux through the membrane can be 
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further manipulated. Based on the lock-and-key principle, sorption of ligands (analytes) on the 

nanochannel wall is provided by the molecular decoration of receptor compounds (Figure 8).  

This biomimetic approach introduces sensory properties in a non-selective artificial 

nanochannel. 

 

Figure 8: Set-up for I-V measurements. The nanoporous polymer membrane is fixed between two 
chambers of the conductivity cell, which are filled with an electrolyte solution. An external potential is 
applied to monitor the ion-flux through a conductive nanochannel. The interaction of a ligand dissolved 
in the electrolyte solution with the receptor on the nanochannel surface reduces the ion permeation. 

 The ligand recognition is promoted throughout the immobilization of receptor moieties 

on the nanochannel walls. Comparing the signal intensities of the I-V curves before and after 

the addition of the ligand to the electrolyte solution allows to provide the sensing performance 

for the recognition of specific analytes (Figure 9) [53, 103, 107]. 
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Figure 9: Current output of a conical nanochannel without and with analyte interaction. In absence of 
the analyte (blank nanochannel state), the ion permeation is unhindered (I0). In contrast, if the analyte 
is present and interact with the receptor on the nanochannel surface, the transmembrane ion flow 
(IAnalyte) is reduced due to a partial channel blockage. 

 

4.3. Ion Transport Phenomena of Nanofluidic Devices 

Nanofluidics deals with the transport of fluids in and around nanometer-sized objects 

with at least one dimension below 100 nm [108]. Nanochannels at such length scale have a 

high surface-to-volume ratio. This leads to new physical phenomena that are not observed in 

the micro- or macrofluidic length scale [109]. Nanochannel surface charges result in 

electrostatic forces, which determine long-range interactions between the polymer and the 

dissolved moieties in the liquid. At small distances, the electrostatic attraction is contributed by 

van der Waals forces.  

 

4.3.1. Physiological Properties of the Polymeric Nanochannel with Surface Charges 

The chemical etching process using an alkaline etching solution like described in section 

4.1.2 generates polymeric nanochannels with carboxyl groups on the entire nanochannel 

surface. These terminal surface groups are prone to the environmental conditions such as the 

pH value of an electrolyte that is in contact with the polymer membrane. Protonation and 

deprotonation of these moieties provide surface charges, which have influence on the 

permeation of ions and molecules through the membrane (Figure 10). 

The pKa value of the polymer gives information about the nanochannel net charge. At a 

pH value that is close to the pKa value of the carboxylate groups, the net surface charge is zero. 

In PET, the isoelectric point (IEP) is around 3.8, which is similar to the pKa value of 3.7 of 

phthalic acid [61]. In PI, the IEP is determined by the carboxylate groups in ortho-position. 

Their pKa values (estimated on the basis of the carboxylate groups in o-phthalic acid) are 5.4 

and 3 [61]. This means that at pH 3, PET and PI nanochannels have an uncharged surface. If 
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pH > pKa, the carboxyl groups are getting deprotonated and the nanochannel surface has a 

negative net charge. 

 

Figure 10: Schematic illustration of the polymeric nanochannel surface. In dependence of the pH value, 
the terminated carboxyl groups of the polymer chains are protonated or deprotonated, generating a 
neutral or negative nanochannel surface net charge. 

The negative surface charges induce the formation of an electrical double layer (EDL), 

when the polymer is in contact with an electrolyte solution with polar moieties (Figure 11). 

Electrostatic attraction between fixed negative surface charges and mobile cations in the 

electrolyte solution leads to the formation of the rigid inner Helmholtz-layer (IHL). The IHL 

contains dehydrated ions located on the solid interface. Electrostatic imbalances are 

compensated by a diffuse second layer formed of hydrated and partially hydrated anions, which 

is donated as the outer Helmholtz-layer (OHL). Increasing distance of the IHL and OHL from 

the nanochannel surface causes a reduction of the ionic layer rigidity until the ion arrangement 

coincides with the bulk electrolyte [109]. 

 

Figure 11: Formation of an electrical double layer (EDL) at the polymeric nanochannel surface, which is in 
contact with an aqueous electrolyte. The EDL consists of a rigid inner Helmholtz-Layer (IHL) on top of the 
polymer surface and a diffuse outer Helmholtz-Layer (OHL). 

Chemical groups on the polymeric nanochannel surface make nanoporous polymer 

membranes very attractive for sensing applications. On the one hand, functional groups allow 

the attachment of analytes. Furthermore, a surface modification can be performed due to 

chemical reactivity between the terminated carboxyl groups with other functional compounds. 

On the other hand, the interaction between the nanochannel surface charges and the 

permeating ions of the electrolyte can be detected performing I-V measurements. That way, it 
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is possible to selectively recognize charged analytes, which permeate through the nanochannel 

membrane. 

 

4.3.2. Electrostatic and Electrodynamic Effects 

The transmembrane current during I-V measurements is highly affected by the 

nanochannel geometry. Cylindrical-shaped nanochannels lead to an equal flow of anions and 

cations across the membrane. Applying a triangular voltage results in a linear I-V curve showing 

an ohmic behavior of the ion permeation [110]. The dependence of the applied voltage and the 

underlying currents versus time, and the corresponding I-V curve for the cylindrically shaped 

nanochannel are illustrated in Figure 12. 

 

Figure 12: Electrodynamic properties of a cylindrically shaped nanochannel. (a) Nanochannel profile, (b) 
curves of the applied triangular voltage (black) and the underlying current values (red) versus time, and 
(c) corresponding linear I-V curve showing the ohmic ion permeation behavior.  

The ion conductance G depends significantly on the nanochannel net charge that is 

generated when the channel surface is in contact with the electrolyte solution. Despite the 

negative net charge of cylindrical nanochannels, equal flux of cations and anions produces the 

transmembrane current under positive and negative voltage, and results in a linear shaped I-V 

curve [110]. G can be calculated with Eq. 2 using the transmembrane current value I at the 

applied external voltage V. 

 𝐺 =
𝐼

𝑉
 Eq. 2 

The large nanochannel diameter allows the permeation of anions with enough distance 

from the EDL without experiencing electrostatic repulsion from the negatively charged carboxyl 

groups on the nanochannel surface. The ion flux through a negatively charged cylindrical 

nanochannel is shown in Figure 13. When the nanochannel diameter is small enough to ensure 

significant repulsion of anions from the nanochannel surface charges, the anion flux is blocked 

and the linear I-V curve is only due to cation permeation. 
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Figure 13: Cation and anion permeation through a negatively charged cylindrical nanochannel under a 
positive or negative applied external voltage. No ionic distribution occurs due to a large nanochannel 
diameter.  

However, if the nanochannel has two openings with different sizes of which one has a 

diameter of only a few nanometers, the transmembrane current flow deviates from this linear 

behavior (Figure 14). This is the case for example for conical-shaped nanochannels.  

 

Figure 14: Electrodynamic properties of a conically shaped nanochannel. (a) Nanochannel profile, (b) 
curves of the applied triangular voltage (black) and the underlying current values (red) versus time, and 
(c) corresponding non-linear I-V curve showing a diode-like ion permeation behavior. 

When the tip (small channel opening) is in the order of the Debye-length (distance of 

the EDL from the nanochannel surface), the negative surface charges of the terminated carboxyl 

groups hinder the anion passage through the channel [108]. Independently from the polarity 

of the applied voltage, anionic flux through the nanochannel is reduced and the transmembrane 

current is mainly due to cations (Figure 15).  

 

Figure 15: Cation and anion permeation through a negatively charged conical nanochannel (a) under a 
positive or negative applied external voltage, and (b) the corresponding I-V curve. The nanochannel 
shape and net charge lead to an anion discrimination. The transmembrane current is due to cation flux. 

 Such ion discrimination (here anions) is characteristic for nanochannels with a diode-

like behavior. The resulting I-V curves show a so-called rectification. In the case of conical 
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nanochannels, the rectification behavior is quantified by the current rectification ratio 𝑟 at ±2 V 

(Eq. 3) [94, 111]. A linear I-V curve is observed for 𝑟 = 1. For 𝑟 > 1 and 𝑟 < 1, anion and cation 

discrimination leads to a non-linear I-V curve. 

 𝑟 = |
𝐼(+2 𝑉)

𝐼(−2 𝑉)
| Eq. 3 

Conical nanochannels show a rectification only if surface charges are available to 

interact with ions in the electrolyte solution. When the surface net charge of the polymer 

membrane is zero, which is the case at acidic pH values, I-V measurements yield linear I-V 

curves. When the nanochannel surface has no charges, no electrostatic interactions occur with 

charged ions, and both anions and cations move equally through the nanochannel. Here, an ion 

discrimination only takes place if the analyte size is larger than the channel opening (Figure 

16). 

 

Figure 16: Cation and anion permeation through an uncharged conical nanochannel (a) under a positive 
or negative applied external voltage, and (b) the corresponding I-V curve. Only a size-based ion 
discrimination is possible. The transmembrane current is due to anions and cations. 

The implementation of new functional groups as a result of chemical nanochannel 

modification can change the surface net charge in dependence of the pH value. The surface 

functionalization with a compound having terminated amino groups generates a positive net 

charge under physiological conditions. Under these conditions, conical nanochannels show a 

cation discrimination (Figure 17).  

 

Figure 17: Cation and anion permeation through a positively charged conical nanochannel (a) under a 
positive or negative applied external voltage, and (b) the corresponding I-V curve. The nanochannel 
shape and net charge result a cation discrimination. The transmembrane current is due to anions. 

 The variation of ion permeation during I-V measurements as a consequence of 

nanochannel modification with changes of the surface net charge is used to monitor and to 
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confirm a successful introduction of new moieties onto the nanochannel walls. Furthermore, 

the implementation of huge molecules on the nanochannel walls causes a significant decrease 

of the channel diameter, which reduces the ion flux and the measured current values. 

 

4.3.3. Effects of Aqueous and Non-Aqueous Electrolytes 

To mimic conditions of biological systems, it is necessary to perform the electrokinetic 

experiments in an aqueous environment. However, the use of polymeric nanochannels is not 

limited only to aqueous electrolytes. Non-aqueous media are important in many applications 

including the separation of drug molecules and other compounds as well as in energy storage 

devices like batteries and capacitors [112–115].  

Depending on the desired application, water can be unsuitable as the electrolyte 

solution. Organic solvents allow the use of nanoporous polymer membranes at temperatures 

and potential windows at which water is not stable. Moreover, the formation of networks 

between water molecules caused by hydrogen-bonding makes it difficult to dissolve large 

molecules and ions, unless they have hydrophilic sites. Therefore, water is not suitable as a 

medium for reactions involving large molecules or ions. In contrast, many organic solvents are 

only weakly structured and are able to dissolve large hydrophobic compounds. 

 

3.3.3.1. Effects of Solvent Properties 

The choice of the solvent medium depends on its physical and chemical properties. 

Physical properties are affected by the bulk (melting / freezing and boiling point, molar mass, 

density, viscosity, vapor pressure, heat capacity, relative permittivity, electric conductivity) or 

by the solvent molecules (dipole moment, polarizability). Chemical properties of significant 

importance are the solvent acidity and basicity. In the Brønsted-acid-base concept, acidic 

solvents are a donor of hydrogens or hydrogen-bonds, while basic solvents are hydrogen and 

hydrogen-bond acceptors. After the Lewis-acid-base concept, acidic solvents are electron and 

electron pair acceptors, while basic solvents are electron and electron pair donors. 

Some of the physical properties mentioned above have significant effects on the ion 

mobility in I-V measurements. The viscosity  of the electrolyte determines the analyte 

permeation in the solvent and therefore the conductivity of the electrolyte solution. The relative 

permittivity r influences the electrostatic interaction between electric charges. Since r 

determines the solute-solute and solute-solvent interactions as well as the dissolution and 

dissociation of electrolytes, this parameter is used to classify the solvent polarity and solvating 
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capability of analytes. Polar solvents have high permittivity (r ≥ 15 or 20), while solvents of 

low permittivity are referred as apolar or nonpolar. Many solvents with electrochemical use are 

polar with a permanent dipole moment because they must dissolve and dissociate electrolytes. 

Table 3 summarizes some relevant physical properties for water and some organic solvents of 

electrochemical importance. 

Table 3: Physical properties of water and some organic solvents of electrochemical importance. Unless 
otherwise stand (shown as subscript), the data are at 25°C. The shown physical properties are Bp: boiling 

point, Fp: freezing point, : density, : viscosity, G: conductivity; r: relative permittivity and: dipole 
moment [116]. 

Solvent Bp (°C) Fp (°C)  (g cm-3)  (cP) G (S cm-1) r  (D) 

Water 100 0 0.9970 0.890 6 · 10-8 78.4 1.77 

Methanol  64.5 -97.7 0.7864 0.551 1.5 · 10-9 32.7 1.71 

Ethanol 78.3 -114.5 0.7849 1.083 1.4 · 10-9 24.6 1.74 

2-Propanol 82.2 -88.0 0.7813 2.044 6 · 10-8 19.9 1.6630 

Tetrahydrofuran 66.0 -108.4 0.889220 0.460  7.6 1.75 

Acetonitrile 81.6 -43.8 0.7765 0.34130 6 · 10-10 35.9 3.53 

Dimethylformamide 153.0 -60.4 0.9459 0.802 6 · 10-8 36.7 3.24 

Dimethyl sulfoxide 189.0 -18.5 1.095 1.99 2 · 10-9 46.5 4.06 

Dichloromethane 39.6 -94.9 1.3168 0.39330 4 · 10-11 8.9 1.55 

Propylene carbonate 241.7 -54.5 1.195 2.53 1 · 10-8 89.840 4.9 

Ethyl acetate 77.1 -83.6 0.8946 0.426 <1 · 10-9 6.0 1.82 

 

3.3.3.2. Classification of Solvents 

According to the acids and bases (HSAB) concept, Lewis acids and bases can be classified 

into hard or soft acids and bases [117]. A strong interaction between solvent and solutes occurs 

only between hard acids and hard bases or soft acids and soft bases. Water is a hard Lewis acid 

and a hard Lewis base. In general, hard acids are hydrogen-bond donors that solvate strongly 

to hard-base anions (e.g. small anions like Cl- and OH-, anions with localized negative charge 

on the oxygen atom like CH3COO-). If a solvent has electron pair donor atoms such as O (e.g. 

water, alcohols), N (e.g. nitriles, amines) and S (e.g. thioamides), the softness of the solvent 

increases in the order O < N < S. The same applies to the solvation of cations. Hard-acid cations 

(e.g. Na+, K+) are strongly solvated by hard-base solvents, while soft-base solvents easily solvate 

to soft-base cations (Ag+, Cu+) [116].  

Organic solvents can be classified as protic, dipolar aprotic and low-polar / inert solvents 

(Table 4). Solvents with acidic and basic properties after the Brønsted-acid-base concept are 

further classified as amphiprotic solvents with water as the reference. A solvent with a stronger 

acidity and a weaker basicity as water is termed as protogenic, while protophilic solvents have 

weaker acidity and stronger basicity. A neutral solvent has an acidity and basicity comparable 

to water. Strong acidity is caused by hydrogen atoms in the solvent molecule, which is joined 

to an electronegative atom (O, N, halogen). In aprotic solvents, hydrogen atoms are only joint 
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to carbon atoms, so that the solvent has very weak proton-donating and hydrogen-bond-

donating abilities (weak acidity). Concerning the basicity, protophilic aprotic solvents have a 

stronger basicity and protophobic solvents have a weaker basicity than water. Furthermore, 

aprotic solvents with a high relative permittivity or a large dipole moment are classified as 

dipolar aprotic solvents. On the other hand, inert solvents have a low relative permittivity or 

dipole moment and weak acidic and basic properties [116]. 

Table 4: Classification of solvents [116]. The solvents are listed in Table A 1 (see Appendix at Supplemental 
Data). 

Amphiprotic Solvents Aprotic Solvents 

Neutral (H2O, MeOH) Dipolar protophilic (DMF, THF, DMSO) 

Protogenic (CH3COOH) Dipolar protophobic (ACN, PC) 

Protophilic (DMSO, NH3) Inert (n-hexane) 
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CHAPTER II: EXPERIMENTAL PROCEDURE 

Damaged zones in heavy ion irradiated polymer films can be transformed into 

nanochannels through chemical ion track-etching technology. As a result of alkaline treatment, 

chemical moieties (carboxyl groups) on the nanochannel walls are generated. Chemical 

modification of the channel surface changes its nature and net charge. This nanochannel 

tailoring enables them to serve as devices for the qualitative and quantitative detection of 

analytes. The obtained nanochannels and their sensing potential were characterized through 

physico-chemical and optical methods. All chemicals and solvents used in this thesis are 

commercially available and were used as received without furher treatment (Table A 1, see 

Appendix at Supplemental Data). 

1.  Fabrication of Polymeric Nanochannels 

Polymer membranes with a thickness of 12 m for nanochannel generation were 

provided by the GSI-Helmholtz Center for Heavy Ion Research in Darmstadt (Germany). In this 

thesis, PET foils (Hostaphan RN12, Hoechst) and PI foils (Kapton 50 HN, DuPont) were used 

as the substrate material. The nanochannel fabrication was carried out like described in 

CHAPTER I section 4.  

 

1.1. Heavy Ion Irradiation 

Heavy ion irradiation of the polymer targets to form latent tracks was provided by Prof. 

Dr. Christina Trautmann and Dr. Eugenia Toimil-Molares at the heavy ion accelerator UNILAC 

in the GSI-Helmholtz Center for Heavy Ion Research (Darmstadt, Germany). 

A magazine of 20 sample stacks, each containing 6 polymer films (6 · 12 m = 72 m 

thickness), was used for the SHI irradiation process. The incident ion beam was oriented 

perpendicular to the polymer surface. The irradiation of each sample stack was performed with 

197Au having a kinetic energy of up to 11.4 MeV u-1. Such high kinetic energy allows a nearly 

constant energy loss throughout the stack before the SHI leave the polymer. 

All irradiation experiments were performed at room temperature. The applied ion 

fluence was varied in order to generate membranes with an ion track-density of 1 ion cm-2 to 

109 ions cm-2. In this thesis, mainly polymer membranes with fluences of 1 ion cm-2, 103 ions 
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cm-2, 107 ions cm-2 and 109 ions cm-2 were used. After SHI irradiation, the polymer foils were 

stored several months until the internal radioactivity was no longer detectable. 

 

1.2. Chemical Etching 

To transform the latent tracks into nanochannels, the polymer membrane was exposed 

to an etching solution. Different etching techniques were applied to provide a shape control 

during the nanochannel fabrication process. In this work, the main focus was on fabricating 

conical- and cylindrical-shaped nanochannels. Physico-chemical analysis was performed with 

the unmodified (-COOH terminated) nanochannels and after modification with specific 

compounds to evaluate the sensing ability. 

Prior to the chemical etching process, an exposure to UV-light (Vilber Lourmat GmbH; 

VL-230.E, Lamp: T-30.M, 312 nm) was used to accelerate the ion track-etching process. This 

sensitization induces photo-oxidation processes inside the latent tracks that create more polar 

groups on the broken polymer chain ends. All PET membranes used in this work were exposed 

to UV-light for one hour from each side. PI membranes were exposed to UV-light for one hour 

(CHAPTER V) or three hours (CHAPTER III section 1 and 2) from each side because of the higher 

UV-resistance of this polymer. The experiments in CHAPTER III section 3 and 4 were performed 

without UV-sensitization. 

 

1.2.1. Symmetrical Etching Process 

During symmetrical etching, the etching solution is in contact with the polymer foil from 

both sides generating cylindrically shaped nanochannels. For the case of PET membranes, the 

etching process was performed at 50°C in a heated double-wall beaker filled with 2 M NaOH 

etching solution. For this set-up (Figure 18), a track-etch rate of 5.4 nm min-1 was reported by 

Nguyen et al.[118].  

 

Figure 18: Experimental set-up for symmetrical track-etching of PET membranes in 2 M NaOH at 50°C. 
The double-wall heating beaker was connected to an external heating water cycle and the etching 
solution was stirred continuously during the etching process. 
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Symmetrical etching of PI membranes was carried out in NaOCl solution (12% active 

chlorine, pH 12.3 ± 0.1) at 50°C in a closed small glass beaker (to prevent evaporation of toxic 

etchant and degradation compounds) as shown schematically in Figure 19 (a). When the 

etching process was monitored, the PI foil was fixed between two chambers of a home-made 

conductivity cell filled with the etching solution (Figure 19 (b)). In this case, two gold electrodes 

were placed on both sides of the membrane and an external voltage of -1 V was applied with a 

Keithley 6487 picoamperemeter / voltage source (Keithley Instruments, Cleveland, OH, USA) 

across the membrane to monitor the current flow during the etching process. The monitoring 

was performed with a LabView script. The setting parameters are listed in Table 5. The current 

remained zero while the latent tracks were not completely etched through. After breakthrough, 

the current increased continuously. 

 

Figure 19: Experimental set-up for symmetrical track-etching of PI membranes (a) without and (b) with 
monitoring of the transmembrane current in NaOCl etching solution at 50°C. The electrical monitoring 
was performed under an external voltage of -1 V using two gold electrodes. 

Afterwards, rinsing and storage of the track-etched polymer membranes in highly 

purified water served to remove residual salts from the nanochannels. 

Table 5: Parameters and settings used for symmetrical and asymmetrical track-etching. 

Periods Points per period Off-set Amplitude Time per point 

> 100 160 -1 V 0 V 1150 ms 

 

1.2.2. Asymmetrical Etching Process 

Asymmetrical etching was performed to generate conically shaped nanochannels [94]. 

Here, the polymer membrane was fixed between two chambers of the conductivity cell. One 

chamber was filled with the etching solution, while the other chamber contained a stopping 

solution (Figure 20 (a)). When asymmetrical track-etching was performed on a single ion-

tracked and a multiple ion-tracked polymer foil simultaneously, a set-up with tree cell chambers 

was used (Figure 20 (b)).  
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Asymmetrical etching of PET membranes was performed with 9 M NaOH etching 

solution and a stopping solution composed of 1 M formic acid and 1 M KCl at ~30°C. The PI 

etching process was performed at ~50°C with NaOCl (12% active chlorine, pH 12.3 ± 0.1) 

etching solution and 1 M potassium iodide (KI) stopping solution. To monitor the etching 

process, two gold electrodes were placed on both sides of the membrane and an external voltage 

of -1 V was applied with a Keithley 6487 picoamperemeter / voltage source across the 

membrane. The setting parameters of the used LabView script for the monitoring are listed in 

Table 5. The transmembrane current remained zero as long as the latent tracks were not 

completely etched through. After breakthrough, the current and the size of the tip opening 

increased continuously.  

 

Figure 20: Experimental set-up for asymmetrical track-etching of (a) one and (b) two polymer 
membranes. An external voltage of -1 V was applied across the membrane by using two gold-electrodes 
to monitor the transmembrane current during the etching process. For the case of two simultaneously 
etched polymer membranes as shown in (b), the transmembrane current was detected for the single ion-
tracked polymer foil. 

The stopping solution counteracts the persistent etching after breakthrough by 

neutralizing the permeating etchant and slowing down the etching process. The chemical 

reactions between the etching and the stopping solution in the track-etching process for PET 

and PI are given in Eq. 4 and Eq. 5, respectively. 

 𝑂𝐻− + 𝐻+ = 𝐻2𝑂 Eq. 4 

 𝑂𝐶𝑙− + 𝐼− + 𝐻2𝑂 = 𝐶𝑙− + 𝐼2 + 2𝑂𝐻− Eq. 5 

 Additionally, the applied external voltage helps to keep away the OH- (PET) and OCl- 

(PI) anions from the tip region to keep the tip diameter as small as possible. The PET etching 

process was stopped only when a transmembrane current of 1.0 – 1.5 nA was reached to avoid 

a channel closing. In case of PI, the current increase after breakthrough was much faster than 

for PET, and the etching process was stopped immediately when the breakthrough point was 
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reached. After the chemical etching, the polymer membrane was rinsed several times with 

highly purified water, and kept in water for several hours to remove salt residues in the 

nanochannels. 

 

1.2.3. Soft-Etching 

The soft-etching (SE) process is a special case of symmetrical track-etching. Here, 

instead of a strong alkaline etching solution, organic solvents are used to selectively remove the 

loose polymer material of the latent tracks without affecting the bulk material significantly. The 

schematic representation of the SE technique is illustrated in Figure 21. 

 

Figure 21: Schematic representation of nanochannel formation in heavy ion-tracked PI membranes 
through soft-etching technique. 

The SE technique was used to fabricate sub-nanometer sized nanochannels in PI 

membranes [5, 85]. PI membranes with a latent track density of 106 – 1010 tracks cm-2 were 

used for soft-etching at room temperature. Here, the membrane was first exposed to soft UV-

light for one hour (CHAPTER V) or three hours (CHAPTER III section 1 and 2) from each side and 

then stored in different organic solvents for at least 24 h. In this work, SE was performed in 

methanol (MeOH), ethanol (EtOH), acetonitrile (ACN), trichloromethane (TCM), 

tetrahydrofuran (THF), dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). 

 

1.2.4. Organic Solvent Enhanced Etching 

New etching protocols were developed to improve the chemical track-etching process of 

PI membranes using organic solvents. 

 

1.2.3.1.  Track-Etching after Soft-Etching Pretreatment 

Symmetrical and asymmetrical etching of PI membranes (1 track cm-2 and 107 tracks 

cm-2) to fabricate cylindrical and conical nanochannels was performed in two steps. In the first 

step, soft-etching at 50°C was used as a pretreatment step. Here, the PI membrane was exposed 

to the organic solvent (MeOH, EtOH, ACN, THF, DMF, DMSO) for one hour without UV-
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sensitization, followed by the symmetrical or asymmetrical chemical track-etching as described 

in CHAPTER II section 1.2.1 and section 1.2.2. 

 

1.2.3.2.  Track-Etching with NaOCl / Organic Solvent Mixtures 

Symmetrical and asymmetrical etching of PI membranes (1 track cm-2 and 107 tracks 

cm-2) to fabricate cylindrical and conical nanochannels was performed as described in 

CHAPTER II section 1.2.1 and section 1.2.2. However, the etching solution was prepared by 

mixing different ratios of the NaOCl and organic solvent (by vol%). In this work, MeOH, EtOH, 

2-propanol (2-PrOH), ACN, THF, DMF, DMSO, ethyl acetate (EAc) and dichloromethane (DCM) 

were used to prepare etchant mixtures with NaOCl. The untreated membrane (no UV-

sensitization) was fixed in between the two compartments of the conductivity cell and the 

etchant (NaOCl / organic solvent) was added in both compartments (symmetrical etching) or 

only in one compartment (asymmetrical etching). In the case of asymmetrical etching, the used 

1 M KI stopping solution contained the same volume of the organic solvent as the etching 

solution. The etching was performed at different temperatures (23°C, 35°C and 50°C) with 

different volume fractions of the organic solvent (5%, 10%, 20%, 30% and 40%) for various 

etching times ranging from 20 to 45 min. 

2.  Nanochannel Surface Functionalization 

Track-etched PET and PI nanochannels have carboxyl groups on the channel surface, 

which can be used for further surface modification to introduce sensing properties into an 

otherwise non-selective nanochannel membrane. Physico-chemical analysis (CHAPTER II section 

3) such as I-V and mass transport measurements serve as an indication of a successful 

nanochannel surface functionalization with certain ligands.  

For chemical functionalization, the polymer membrane was fixed between two 

chambers of the measuring cell. In the first step, the membrane was characterized before the 

nanochannels were chemically modified. In this work, I-V measurements were used to analyze 

conically shaped single nanochannel and 103 nanochannels cm-2 membranes, and cylindrically 

shaped 107 nanochannels cm-2 membranes were analyzed through mass transport experiments. 

After surface modification, the physico-chemical analysis was repeated with exactly the same 

experimental parameters and the same electrolyte solutions. Experiments with multichannel 

membranes had to be completed without changing the membrane position between the cell 

chambers. Otherwise, the characterized transmembrane area was changed. Physico-chemical 

analysis was performed using cell chambers with an opening diameter of 0.8 cm resulting a 
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transmembrane area of 0.5 cm². Figure 22 illustrates the steps of the transmembrane current 

analysis before and after the chemical functionalization of the channel surface for a single 

conical-shaped nanochannel.  

 

Figure 22: Illustration of I-V measurements and surface functionalization of a single conically shaped 
nanochannel membrane. The transmembrane current was recorded using two Ag/AgCl-electrodes. 

 

2.1. Covalent Coupling Chemistry 

Covalent coupling forms new covalent bonds between the nanochannel surface carboxyl 

groups and the functional groups of the attached ligand. The carbodiimide coupling chemistry 

is an established method to transform carboxyl groups into stable amide groups, which carry 

and introduce new functionalities on the nanochannel walls.  

In this thesis, five functional amine molecules, ethylenediamine (EDA) and the 

generations G0 to G3 of polyamidoamine (PAMAM) dendrimers, were used to modify the 

carboxylic acid groups of PET nanochannels (Figure 23). The covalent linkage was achieved 

through N´-(3-dimethylaminopropyl)-N´-ethylcarbodiimide / pentafluorophenol (EDC / PFP) 

coupling chemistry [98].  

Conical nanochannels with small opening diameters were functionalized only from the 

tip side to avoid a blockage of the channel opening by huge molecules. Polymer membranes 

containing 107 cylindrical nanochannels cm -2 with ~100 nm channel diameter were 

functionalized from both sides. In the activation step, the carboxyl groups were converted into 

reactive pentafluorophenyl esters by filling the chambers with ethanol solution containing 

100 mM EDC and 200 mM PFP for 60 min. The chemical mechanism is demonstrated in Figure 

24. The carbodiimide carbon of EDC is attacked by the carboxylic acid group (1) on the 

nanochannel surface to form the activated EDC-ester intermediate O-acylisourea (2). In the 

next step, PFP (nucleophilic agent) reacts with compound (2) to form an activated PFP-ester 

(3) with an excellent leaving group by eliminating the urea compound. After rinsing the 

chambers with ethanol to remove residues of EDC and PFP, the chambers were filled with 1 mM 

(single-channel membrane) or 5 mM (107 nanochannels cm-2) ethanolic solution of the 

corresponding amine molecules. The strong nucleophilic nature of the amino group causes the 
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formation of a stable amide bond and the generation of the desired nanochannel 

functionalization (4). To ensure complete immobilization, the functionalization was performed 

for at least 12 h overnight at room temperature. Finally, the functionalized nanochannel 

membranes were washed several times with ethanol and highly purified water [101].  

 

Figure 23: Scheme of the functionalization of the carboxylic acid groups of a conical-shaped nanochannel 
with EDA and PAMAM dendrimers of generations G0 - G3 through EDC / PFP coupling chemistry. The 
increasing diameter of the colored circles represents increasing analyte size [101]. 

 

 

Figure 24: Reaction scheme for the chemical functionalization of the nanochannel surface carboxylic acid 
groups (1) with EDA through EDC / PFP coupling chemistry. The surface carboxyl group forms with EDC 
the active EDC-ester intermediate O-acylisourea (2), which reacts with PFP to the PFP-ester (3). The 
addition of the amino terminated EDA forms a stabile amide bond (4). 

 

2.2. Electrostatic Interaction 

Functional groups on the nanochannel surface, such as –COOH and –NH2, are 

protonated and deprotonated in dependence of the electrolyte pH value. Surface charges lead 

to the formation of an electrical double layer as described in CHAPTER I section 4.3. Charged 

analytes in the electrolyte solution can electrostatically interact with the nanochannel walls. 
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These interactions can be reversible or irreversible depending on the nature of the analyte. In 

this thesis, the formulation “reversible interaction” is used, when changes of the transmembrane 

current in I-V measurements are detectable without an attachment of the analyte on the 

nanochannel walls. Here, rinsing the cell chambers with water removes analyte residues and 

induces the original transmembrane current values. Very strong electrostatic interactions 

between the nanochannel surface charges and the dissolved analyte molecules that result in a 

stable deposition of the analyte onto the channel walls are referred to as “irreversible 

interactions”. In this case, a rinse with water or with an organic solvent is not enough to remove 

the analyte from the nanochannels. 

To study the effect of the physical adsorption of PAMAM dendrimers on the ion transport 

properties of the unmodified, single conical PET nanochannels, I-V measurements were 

performed with mixed solutions containing 0.1 M KCl (10 mM phosphate buffered saline (PBS): 

pH 5.5 ± 0.1, and 10 mM NH3 / NH4Cl: pH 9.9 ± 0.1) and PAMAM dendrimers of different 

concentrations ranging from 1 nM to 1 mM.  

3.  Characterization of Polymeric Nanochannels 

Track-etched nanochannels in polymer membranes were physico-chemically and 

optically analyzed to get information about the sensing properties and the channel dimensions 

(diameter, shape). The nanochannel dimensions, as well as the surface net charge generated 

by the functional surface groups and the electrolyte solution have significant influence on the 

transmembrane analyte flow. 

 

3.1. Physico-Chemical Properties 

The nanochannel performance was investigated in current-voltage and mass transport 

experiments to evaluate the channel surface ability to detect certain ions or analytes permeating 

through the polymer membrane. 

 

3.1.1. Current-Voltage Measurements 

In this work, I-V measurements were the standard method to analyze polymer 

membranes having one single nanochannel or 103 nanochannels cm-2. Electrochemical methods 

are very powerful in detecting the transmembrane current even at electrolyte concentrations in 

the nanomolar range. Nanochannel surface charges, which depend on the pH value of the 
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electrolyte solution as well as the surface functionalization, influence the transmembrane 

current of ions and charged analytes.  

After track-etching of the latent tracks, the conductance of all polymer membranes used 

in this work was first characterized by performing I-V measurement in an aqueous 0.1 M KCl 

electrolyte solution [53, 119]. The electrical readouts were recorded with a Keithley 6487 

picoamperemeter / voltage source (Keithley Instruments, Cleveland, OH, USA). For this 

purpose, the polymer membrane was fixed between two chambers of the conductivity cell. 

When no other specifications are given, I-V measurements were performed with cell chambers 

having a transmembrane area of 0.5 cm² and a volume of 0.65 or 1.5 mL. A grounded (stainless 

steel) Faraday cage shielded the cell from electrical interference. Two Ag/AgCl electrodes 

(1 mm diameter wires) were placed on both sides of the membrane. For conically shaped 

nanochannels, the working electrode ((+) pol) was located on the tip opening side and the 

ground electrode ((-) pole) on the base opening side. A scanning triangular voltage from +2 V 

to -2 V was applied in 100 mV steps across the membrane. The picoamperemeter / voltage 

source was controlled with a LabView script. Figure 25 shows the experimental set-up and Table 

6 displays the software settings used for I-V measurements. Every data point was the average 

value of at least six individual measurements. 

 

Figure 25: Experimental set-up of I-V measurements used to analyze the conductance of polymeric 
nanochannel membranes. The membrane was fixed between two chambers of a conductivity cell filled 
with an electrolyte solution. By applying a triangular voltage sweep through a pair of Ag/AgCl-electrodes 
across the membrane, the current flux was monitored. 

 

Table 6: Parameters and settings used for I-V measurements with track-etched polymer membranes. 

Periods Points per period Off-set Amplitude Time per point 

3 80 0 V ±2 V 1150 ms 
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In this thesis, I-V measurements were performed using aqueous and aprotic organic 

solvents, and solvent / water mixed electrolyte solutions of different salts under symmetric and 

asymmetric electrolyte conditions. Under symmetric electrolyte conditions, both chambers of 

the conductivity cell are filled with the same electrolyte solution. Under asymmetric electrolyte 

conditions, the polymer membrane is in contact with two different electrolytes. The set-up for 

I-V measurements under symmetric and asymmetric electrolyte conditions is illustrated in 

Figure 26. Detailed information on the used salts and salt concentration is given in the results 

chapters.  

 

Figure 26: I-V measurements under (a) symmetric and (b) asymmetric electrolyte conditions. 

 

3.1.2. Mass Transport Characteristics 

With increasing nanochannel density and channel diameter, such as membranes having 

107 cylindrical channels cm-2 with d ≈ 100 nm, I-V measurements become unsuitable. However, 

such polymeric membrane systems are very interesting for filtration applications. Furthermore, 

the fabrication of cylindrical multichannel membranes is much easier than a membrane 

containing only one conical nanochannel. The evaluation of multichannel membranes is 

performed through mass transport experiments, where the diffusion of charged organic 

molecules across the polymer membrane is investigated (Figure 27). The introduction of new 

moieties through nanochannel surface functionalization effects the surface net charge, yielding 

a modulation of ion transport characteristics of polymer membranes. 

To perform mass transport experiments, the track-etched polymer membrane was fixed 

between two chambers of the diffusion cell with a permeation area of 0.5 cm² (0.5∙107 

nanochannels). In this work, only membranes containing 107 cylindrical nanochannels cm-2 

were used. Smaller nanochannel densities or conical-shaped nanochannels with a tip diameter 

of only few nanometers would cause low diffusion rates and thereby a time-consuming mass 

transport. One chamber (feed half-cell) was filled with 1.2 mL of the analyte solution (25 mM). 

In this work, the positively and negatively charged organic analytes methyl viologen (MV2+) 

dichloride and disodium 1,5-naphthalene disulfonate (NDS2-) dissolved in a 10 mM phosphate 
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buffer solution were used. The other chamber (permeate half-cell) was filled with 1.2 mL of the 

buffer solution. 

The analyte molecules permeate through the nanochannels because of diffusion, 

differences in the concentration gradient in both chambers and because of a selective charge-

driven transport due to fixed surface moieties on the nanochannel walls. By tailoring the 

nanochannel surface net charge with the buffer solution pH value, nanochannels preferentially 

allow oppositely charged analytes to enter and to permeate across the membrane. Therefore, 

the diffusion rate of oppositely charged analyte molecules is higher than the diffusion rate of 

equally charged molecules.  

 

Figure 27: Experimental setup of the mass transport characterization to evaluate the analyte diffusion 
across a polymer membrane having cylindrical-shaped nanochannels. Automated sample collection was 
used to analyze UV/vis signal intensities in dependence of the analyte concentration in the permeate half-
cell. 

Figure 28 shows the concentration-dependent absorption spectra of MV2+ and NDS2- in 

PBS buffer solution (pH 5.5) and the respective calibration curves. The absorption values at a 

specific wavelength  (MV = 257 nm, NDS =288 nm) obtained from the UV/vis spectra 

establishes the linear relation of different analyte concentrations. By measuring the UV/vis 

absorption of the permeate half-cell solution, it is possible to calculate the concentration of 

analyte molecules transported from the feed half-cell through the membrane into the 

permeation half-cell. 

In this work, the automated sample collection was adapted from Duznovic et al. [54]. 

Inlet and outlet tubes (internal diameter 2.79 mm, length 38.1 cm, material Tygon LMT-55 

(Hirschmann)) connected the permeate half-cell to an all-quartz flow-through cuvette 

(Suprasil®, Starna Scientific, volume 0.45 mL), which was placed in a UV/vis 

spectrophotometer (UV-3100PC, VWR International GmbH). The total volume of the permeate 

half-cell including tubes and cuvette was 6.3 mL. To generate a continuous flow through the 
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cuvette and mixing of the permeate half-cell, the inlet tube was placed in a peristaltic pump 

(REGLO DIG MS-CA4/12, ColeParmer GmbH). The time resolution of the diffusion experiment 

was achieved by recording the absorbance signals with the “UV-Vis Analyst” software in 

“Wavelength Scan” mode. The wavelength range from 200 nm to 350 nm was scanned in 1 nm 

steps and 30 s intervals. 

 

Figure 28: UV/vis absorption spectra for different concentrations of (a) MV2+ and (b) NDS-2 in a phosphate 
buffer solution at pH 5.5. The inset shows the chemical structure of the organic molecule. (c) Linear fit as 

a function of the absorbance at analyte (MV = 257 nm and NDS = 288 nm) in dependence of the analyte 
concentration. 

 

3.2. Scanning Electron Microscopy 

An optical image of the polymeric nanochannel gives a lot information about the channel 

dimensions such as shape, length and diameter. Optical investigations are very important, 

especially when new etching methods are developed. 

Scanning electron microscopy (SEM) allows to image and to evaluate the geometry of 

polymeric nanochannels. Morphological analysis of the channel diameter and cross-section was 

performed using a high-resolution scanning electron microscope (HR-SEM, Philips XL30 FEG) 

with a spetial resolution down to 2 nm. SEM analysis requires electric conductivity of the 

investigated substrate. Since polymers used in this work are not electrically conductive, the 

polymer substrate was covered with a thin conductive gold layer (target: 99.9% purity, Baltic 

Präparation e. K.) of few nanometers using a sputter coater (Quorum Technologies, Q300TD 

Sample Preparation System). The sputter current was set to 30 mA for 60 – 120 s. 
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To image the nanochannel opening for the diameter analysis, small pieces of PI and PET 

membranes were fixed on the sample holder with sticky carbon pads. To image the nanochannel 

cross-section, the membrane piece had to be placed in an upright position (fixed between two 

silicon wafer pieces). Figure 29 shows representative SEM images of the top-view and the cross-

section of a PET membrane with conically shaped nanochannels. 

 

Figure 29: Representative SEM images of conical-shaped PET nanochannels (a) from the top-view and (b) 
the cross-section. 

PET membranes were exposed to UV-light (312 nm) for about 72 hours to increase the 

internal fragility inside the nanochannels, which serve as breaking points for pulling the 

membrane in two pieces. In case of PI, UV-light exposure does not have the same effect as for 

PET due to the higher UV-resistance of this polymer. It is very difficult to produce the cross-

section of PI nanochannels. In this thesis, the PI cross-sections were prepared by making a cut 

with scissors at the untreated membrane until the etched area and then careful pulling off the 

porous area to split the membrane. 

SEM analysis was performed using polymer membranes with a density of 

107 channels cm-2. The diameter of cylindrical nanochannels was calculated from the top-view 

image. Asymmetrical etching generates nanochannels with two different opening diameters. 

The large base diameter D was calculated from SEM images like in the case of cylindrical-shaped 

nanochannels. The tip opening d was usually very small and closed during the sputter process, 

and therefore not visible under SEM. Since the tip diameter is crucial in sensing applications, 

its value was calculated using I-V measurements of a single nanochannel that was etched 

simultaneously with the multichannel membrane. I-V measurements were performed with a 

high concentrated electrolyte (1 M KCl) to obtain a linear I-V curve by reducing the Debye 

length and rectification of the conical-shaped nanochannel. Using Eq. 6 with the base diameter 

D from SEM analysis, the value of the transmembrane current I at the applied voltage V from I-

V measurements, the nanochannel length L which is equal to the thickness of the polymer 

membrane, and the specific conductance of the electrolyte  (for 1 M KCl 11.37 S m-1 at 26°C) 

it is possible to calculate the value of d [94]. 
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 𝑑 =
4𝐿𝐼

𝜋𝜅𝑉𝐷
 Eq. 6 

  A small diameter of cylindrical nanochannels can also be closed in the sputtering 

process. Therefore, I-V measurements of a single cylindrical nanochannel that was etched 

simultaneously with the multichannel membrane was used to calculate d. Since d = D for 

cylindrical-shaped nanochannels, Eq. 6 is modified to Eq. 7 to calculate the channel diameter. 

 𝑑 = √
4𝐿𝐼

𝜋𝜅𝑉
 Eq. 7 
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CHAPTER III: NANOCHANNELS IN HEAVY ION IRRADIATED PI 

MEMBRANES  

During the last decades, polyesters, especially PET polymer films, became one of the 

frequently used polymeric substrate for the design of nanochannel-based sensors. Nevertheless, 

the chemical and mechanical durability as well as the signal stability in I-V measurements of 

PET nanochannels is limited.  

Among polymers, PI has the ability to maintain its physical, chemical, electrical and 

mechanical properties over a wide range of temperatures from -269°C to +400°C. Furthermore, 

it is almost insoluble in all organic solvents and exhibits high stability toward ion irradiation 

[96, 120]. Therefore, based on the high chemical, electrical and heat resistance as well as 

mechanical stability, PI is very interesting for a heavy ion track membrane in different fields of 

applications [121, 122]. Despite of its high stability, however, the chemical etching of latent 

tracks in PI foils requires harsh conditions compared to other ion tracked polymer films. Usually, 

a chemical etchant based on NaOCl solution containing 13% active chlorine content with pH > 

12 is used for ion track-etching of PI membranes at high temperatures (50°C). However, the 

nanochannel generation is a time-consuming process and the fabrication of channel diameters 

in the nanometer and sub-nanometer range is very difficult. 

In this thesis, organic solvents were used to develop new track-etching methods to 

improve the fabrication process and to generate PI nanochannels with various dimensions to 

open up new opportunities for their implementation in various fields of application. In the 

following sections, several studies will be presented dealing with the fabrication and 

characterization of sub-nanometer-sized nanochannels produced through the soft-etching 

technique. Here, the exposure of the PI membrane in different organic solvents leads to the 

dissolution of latent tracks without affecting the surrounding bulk material. Furthermore, the 

effects of organic solvents on the chemical etching with NaOCl solution were investigated. In 

this study, two approaches were analyzed. In the first approach, the soft-etching method was 

used as a pretreatment step followed by chemical track-etching with NaOCl. In the second 

approach, mixtures composed of NaOCl and different organic solvents were used as the etching 

solution. Both approaches enabled the fabrication of nanochannels with larger channel 

diameters in a shorter time-scale compared to chemical etching with NaOCl without using any 

organic solvents. In addition, these two approaches were used to fabricate symmetrical and 
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asymmetrical single nanochannels in PI membranes. The fabrication process was characterized 

by the etching time until the breakthrough occurred and the ion current rectification ratio 

obtained in I-V measurements with 0.1 M KCl electrolyte solution. 

1. Fabrication of Soft-Etched Nanoporous Polyimide Mem-

branes for Ionic Conduction and DiscriminationI 

 

1.1. Introduction 

Biological ion channels regulate the ionic permeation across the cell membrane and 

allow the communication within the cells, nerve conduction, and signal propagation [123]. 

Because of their sub-nanometer diameter and the functional groups lining the channel cavity, 

they have the ability to selectively pick-up and transport specific ions, while the passage of 

others is rejected [123, 124]. Biomimetic membranes exhibit chemical and mechanical stability, 

but require the functionalization of nanochannels with diameters in the nanometer and sub-

nanometer range for efficient ion transport [91].   

Track-etched polymer membranes show high flexibility and stability under rather 

challenging conditions. However, chemically track-etched polymer membranes (PET, PI) 

typically contain nanochannels with diameters of the order of tens of nanometers, which limits 

their use in the separation of small ions and molecules. Several attempts have been made to 

enhance ionic selectivity by tuning down the channel diameter, e.g. by the inclusion of gold 

nanotubes through electroless deposition technique, by coating the nanochannel surface with 

metal oxides using atomic layer deposition, by depositing an atomically thin graphene layer 

onto the channel walls or by grafting stimuli-responsive polymer brushes on the inner channel 

surface [125–129]. However, nanochannel dimensions that are necessary to discriminate 

                                                

 

I Parts of this section have been published beforehand in: Froehlich K, Nasir S, Ali M, Ramirez P, Cervera J, Mafe S and Ensinger 

W 2021 Fabrication of soft-etched nanoporous polyimide membranes for ionic conduction and discrimination J. Membr. Sci. 617 

118633. 
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among alkali metal cations or between mono- and divalent metal cations afficiently are difficult 

to achieve.  

Recently, Wang and coworkers reported the fabrication of sub-nanometer nanochannels 

in heavy ion irradiated PET membranes by using the track-UV technique, thus obtaining high 

cation selectivity and discrimination between mono- and divalent metal cations [130]. 

Furthermore, Lu et al. demonstrated the fabrication of rectifying channels by growing metal-

organic frameworks (MOF) inside PET nanochannels and obtained high ionic selectivity [131]. 

Both approaches generated nanochannels that exhibit efficient alkali metal ion transport and 

also show high discrimination between mono- and divalent cations. Additionally to the channel 

size reduction, chemical functional groups on the channel surface, electrolyte concentration and 

solution pH also affect the ion conducting and discriminating capabilities of the membranes. 

Specifically, for the case of nanochannel transport processes, interfacial phenomena play a 

significant role compared to the bulk because electrochemical characteristics and fluid behavior 

change in nanoconfined geometries. The soft interface design for ion transport through 

nanochannels is mainly governed by electrostatic electrokinetics and hydrodynamics near the 

interface, i.e., formation of electrical double layer at the solid-liquid interface, liquid slippage, 

electrophoresis and streaming potential [91, 132].  

One aim of this work was to develop a new channel fabrication method to generate 

nanochannels in the sub-nanometer range in heavy ion irradiated PI membranes. In the next 

section, a unique solvent-assistant nanochannel fabrication method, referred as the soft-etching 

(SE) technique, is introduced. In this technique, the molecular fragments in the latent tracks 

are selectively dissolved and extracted out by the organic solvent to form the nanochannels 

without affecting the bulk material. No covalent bonds are broken, only van der Waals and 

hydrogen bonds. The I-V characteristics of the SE-PI membrane were studied using aqueous 

solutions of alkali, divalent metal and alkylammonium chlorides. 

 

1.2. Results and Discussion 

Ionic selectivity in biological and artificial nanochannels is caused either by steric 

exclusion or by charge exclusion. Steric exclusion means that only the ions with certain size are 

allowed to pass through the nanochannel. On the other hand, charge exclusion controls the 

permeation of analytes based on the electrostatic interactions between charged moieties on the 

nanochannel surface and the translocating ions. These parameters help to tailor the ionic 

selectivity of artificial nanochannels. The transport data suggest that the PI membranes 

obtained with the SE technique (Figure 21) show effective channel diameters that are close to 
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the combined size of the hydrated alkali metal cations and the native chemical moieties forming 

the nanochannel net charge. 

 

1.2.1. Formation of Nanochannels using the Soft-Etching Technique 

When the SHI irradiated and UV-sensitized PI foils are soaked in organic solvents, the 

solvent molecules penetrate easily into the latent tracks and selectively dissolve the damaged 

material, leading to the formation of the nanochannels. An external voltage of +3 V across the 

membrane facilitates the removal of dissolved material. The voltage was applied for ~15 min 

until the transmembrane current value became stable (Figure A 1, see Appendix at 

Supplemental Data). After the SE process, I-V measurements with 0.1 M KCl electrolyte solution 

were performed to determine the ionic conductance for the solvent-treated membranes. Figure 

30 shows I-V curves and the calculated conductance at +2 V for 0.1 M KCl solution of PI 

membranes (109 tracks cm-2) fabricated using different organic solvents under the same 

experimental conditions. 

 

Figure 30: Transmembrane current through soft-etched PI membranes at a fluence of 109 tracks cm-2. (a) 
I-V curves and (b) ionic conductance at +2 V for a 0.1 M KCl electrolyte solution. The inset shows the I-V 
curves and conductances for membranes treated with less polar solvents. The PI membranes employed 
to study the effect of solvent and irradiation fluence were soft-etched for ~24 ± 2 h at room temperature 
(22°C).The solvents are listed in Table A 1 (see Appendix at Supplemental Data). 

The membranes exposed to DMF and DMSO exhibited much higher conductances than 

those of the other solvents. A possible explanation could be their higher polarities, which allow 

an efficient dissolution and extraction of the radiolysis products from the latent tracks. The 

linear IV curves of the membrane soft-etched with DMF and DMSO indicate a symmetric 
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dissolution of latent tracks generating cylindrically shaped nanochannels in the sub-nanometer 

range (Figure 30 (a)). On the other hand, the membranes exposed to less polar solvents 

exhibited quasi-linear IV curves, which suggests that the latent track dissolution at the channel 

entrance was higher compared to the interior of the membrane. Therefore, the DMF-based 

latent track dissolution can also allow the formation of sub-nanochannels even in 25 and 50 µm 

thick PI foils. Figure A 2 shows the successive decrease in the transmembrane current and 

conductance obtained by increasing membrane thickness. Optical imaging of such sub-

nanometer nanochannels under SEM was not possible because of the charging effects of the 

polymer surface at low resolution. Therefore, changes in the transmembrane current and 

conductance were used as an indirect confirmation of the low nanochannel diameters produced 

through the SE technique. 

The effect of the ion fluence on the I-V curves and the respective conductance of the 

DMF-treated PI membranes was investigated (Figure 31). In contrast to UV-track-etching 

technique, a non-linear increase of the ionic conductance with fluence in the SE method was 

observed [130, 133].  

 

Figure 31: Transmembrane current through DMF-treated PI membranes with different fluences (in tracks 
cm-2). (a) I-V curves and (b) ionic conductance at +1 V for a 0.1 M KCl electrolyte solution. The inset shows 
the I-V curves and conductances for membranes irradiated with low heavy ion fluences. The PI 
membranes employed to study the effect of solvent and irradiation fluence were soft-etched for ~24 ± 
2 h at room temperature (22°C). 

It is possible that irradiation at high fluences leads to overlapping of the latent tracks, 

leading to more damage of polymer chains and radiolysis products in the ion tracks [121]. The 

membrane polarity is thus enhanced, offering more favourable conditions for the polar solvents 

to efficiently dissolve the damaged regions, which allows a successful transformation of the 
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latent tracks into nanochannels without UV irradiation of the PI membrane (Figure A 2) [130, 

133]. 

 The linear I-V curves in Figure 30 and Figure 31 indicate an ohmic behaviour and 

suggest the homogeneous dissolution of latent tracks. The significant increase of ion current 

with the electrolyte concentration further confirms the formation of nanochannels in the PI 

membrane through the SE technique (Figure A 2). Furthermore, the effect of temperature and 

exposure time in DMF on the dissolution of ion tracks was investigated showing that SE of the 

PI membrane at 50°C exhibits drastic increase in the transmembrane current compared to the 

membrane soft-etched for about four weeks at room temperature (Figure A 3). This indicates 

that at high temperature the dissolution of latent tracks in DMF solution is much faster than at 

room temperature.  

 

1.2.2. Ionic Conduction Characteristics in Aqueous Electrolytes 

The ionic conduction characteristics of soft-etched PI membranes were studied in 

aqueous electrolyte solutions of alkali metal chlorides (LiCl, NaCl, KCl, RbCl and CsCl), divalent 

metal chlorides (MgCl2, CaCl2, ZnCl2) and alkylammonium chlorides (NH4Cl, Me4NCl, Et4NCl 

and Bu4NCl). Figure 32 shows the I-V curves of membranes treated with MeOH and DMF under 

symmetric electrolyte conditions.  

Figure 32 (a) and (b) demonstrate that the nanochannels discriminate monovalent 

cations from divalent cations. While alkali cations permeate across the membrane, the divalent 

cations show very low ionic currents. This fact suggests a comparatively low surface 

conductance as opposed to bulk ionic conductance and / or a partial channel blockage due to 

the presence of a relatively high concentration of divalent ions at the negatively charged channel 

entrance [123, 134, 135]. Furthermore, Figure 32 (a) and (b) clearly show that the membrane 

conductance trend follows the bulk conductivity of alkali metal chloride solutions. On the 

contrary, the low ionic conductances obtained for all divalent metal chlorides do not correlate 

with the bulk conductivity (Figure A 4) of the solutions confirming further that alkali but not 

divalent metal cations can permeate through the sub-nanometer channels. The ionic conduction 

of the MeOH- and DMF-treated membranes can be compared by defining a normalized ion 

current In obtained as the ratio of the different metal chloride currents (Ielectrolyte) to the KCl 

current (Ireference) at +2 V (Eq. 8).  

 𝐼𝑛 =
𝐼𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 Eq. 8 
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The In values in Figure 32 (c) indicate that both MeOH- and DMF-treated membranes 

exhibit similar conduction characteristics and discriminate between alkali and divalent cations 

very efficiently. The PI membranes obtained by the SE technique provide high ion currents even 

at relatively low electrolyte concentrations of 0.1 M and voltages of 1 V compared with the case 

of the UV-track membranes at high concentrations and voltages (1 M, 10 V) [130, 133].  

 

Figure 32: I-V curves of (a and d) MeOH-treated and (b and e) DMF-treated PI membranes (109 tracks 
cm- 2) for (a and b) 0.1 M alkali and divalent metal chloride solutions and (d and e) 0.1 M alkylammonium 
chloride solutions under symmetrical electrolyte conditions. Normalized ion currents In for (c) alkali and 
divalent metal chloride solutions and (f) alkylammonium chloride solutions. 

The transmembrane permeation of organic ammonium cations was also analysed 

(Figure 32 (d)-(f)). The MeOH- and DMF-treated PI membranes conduct ammonium (NH4
+) 

similarly to potassium (K+) because of their almost identical ionic conductivities and diffusion 

coefficients. Among all organic cations studied here, NH4
+ exhibited the highest ion current 

while a significant current decrease occurred when the hydrogen atoms of central nitrogen atom 
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in ammonium were replaced with alkyl (methyl, ethyl and butyl) moieties. For the case of DMF-

treated membrane, the highest current corresponds to NH4
+ due to its relatively small size and 

lower hydrophobicity compared with those of tetratmethylammonium (Me4N+), 

tetraethylammonium (Et4N+) and tetrabutylammonium (Bu4N+) [136]. As expected, the ion 

current and conductance decreased in the order NH4
+ > Me4N+ > Et4N+ >˃ Bu4N+. For the 

case of MeOH-treated membrane, however, a significant decrease in the current was observed 

even for the Me4NCl solution, suggesting the blockage of nanochannels. This shows that the 

effective channel diameter of the MeOH-treated membrane is smaller than that of the DMF-

treated ones, as suggested also by Figure 32 (a)-(c). In the case of Figure 32 (d)-(f), the current 

decreases should be attributed to the effects of cation size and solvation as well as to the partial 

blockage due to the adsorption of the bulky organic cations on the channel entrance. Thus, the 

PI membranes obtained through SE technique can discriminate not only between alkali and 

divalent cations but also between organic cations of different size and hydrophobicity. The 

changes of the ionic conductance of the MeOH- and DMF-treated PI membranes with respect 

to the bulk conductivity of alkylammonium chlorides are shown in Figure A 5. 

On the other hand, for the PI membrane prepared by traditional chemical track-etching 

technique using NaOCl etching solution, the obtained transmembrane current and 

conductances of alkali, divalent metal and alkylammonium chlorides are correlated with the 

bulk conductivity of the solutions showing that all used metals and organic cations permeate 

through the membrane (Figure A 6). 

Further I-V measurements were performed under asymmetric electrolyte conditions. 

One side of the PI membrane was exposed to the 0.1 M KCl or NH4Cl solution while the other 

side was in contact with different 0.1 M metal or alkylammonium chloride solutions. Figure 33 

shows the I-V curves and the corresponding rectification of SE-treated PI membranes under 

asymmetrical electrolyte conditions.  

For I-V measurements under asymmetrical electrolyte conditions using KCl and divalent 

metal chlorides, the K+ cations are forced to the nanochannel at positive potentials (V > 0) 

resulting high transmembrane current values, while at negative potentials (V < 0) divalent 

cations are forced to the channel opening. Here, low current values were observed because 

divalent cations were hindered to flow across the membrane (Figure 33 (a)-(c)). In the case of 

Figure 33, (d)-(f) the ammonium ions could pass through the nanochannels leading to high 

currents at V > 0. On the contrary, the bulky cations could not pass through the channels at V 

< 0, which led to current rectification. Figure 33 (f) clearly shows an increase in the rectification 

ratio with the ammonium cation size.  
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Figure 33: I-V curves of (a) MeOH- and (b) DMF-treated PI membranes in metal chloride solutions under 
asymmetrical electrolyte conditions, and (c) the corresponding ion current rectification. One side of the 
membrane (working electrode, WE) was exposed to 0.1 M KCl solution while the other side (ground 
electrode, GE) was exposed to 0.1 M different divalent (M2+) metal chloride solutions. I-V curves of (d) 
MeOH- and (e) DMF-treated PI membranes in alkyl ammonium chloride solutions under asymmetrical 
conditions, and the (f) related rectification ratio r. One side of the membrane was exposed to a 0.1 M 
NH4Cl solution while the other side was exposed to 0.1 M different alkylammonium chloride solutions.  

In order to better show the effects of the electrostatic interaction and size of metal 

cations, the case of neutral (pH ~7.5) and acidic (pH ~3.0) conditions was considered. For pH 

> pKa, PI nanochannels are negatively charged due to the presence of carboxyl groups on the 

channel surface. The same applies to membranes obtained by the soft-etching technique. Under 

acidic conditions, the channel surface becomes neutral and cannot interact electrostatically with 

the metal cations. Figure 34 (a) shows the ion conductance of DMF-treated membranes in 

dependence of the pH value obtained from the corresponding I-V curves of Figure A 7. In the 

case of alkali cations, the conductance was reduced at pH 3 compared to the values at pH 7.5 
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due to the loss of cation-selectivity in the uncharged channel. On the contrary, a slight increase 

in the ionic conductance was noticed at acidic solutions of divalent metal cations compared to 

the neutral conditions. This suggests a negligible electrostatic interaction between divalent 

cations and the nanochannels. Figure 34 (a) also shows that nanochannels with neutral net 

charge still discriminate the alkali from divalent cations, indicating again a nanoscale channel 

diameter. 

 

Figure 34: (a) Ionic conductance of DMF-treated PI membranes in 0.1 M metal chloride solutions at +2 V 
under close to neutral and acidic electrolyte conditions. (b) Ionic conductance of DMF-treated PI 
membranes in aqueous 0.1 M electrolyte solutions with different anions at +2 V. 

The ionic conductances of different anions in the DMF-treated PI membranes as shown 

in Figure 34 (b) were obtained from the respective I-V curves of Figure A 7. In this experiment, 

0.1 M sodium salts with the anions nitrate (NO3ˉ), chlorate (ClO4ˉ), acetate (OAcˉ), and 0.1 M 

potassium salts of chloride (Clˉ), bicarbonate (HCO3ˉ), hexafluorophosphate (PF6ˉ), sulfate 

(SO4
2-), hydrogen phosphate (HPO4

2-) and citrate (C6H5O7
3-) were prepared in water at 

physiological pH values. Figure 34 (b) shows that the membrane conductance series for the 

different electrolytes correlate with their bulk conductivity values as shown in Figure A 7 (d) 

except for the trivalent citrate anion. In general, the anions were excluded from the negatively 

charged nanochannels and did not interfere with the transport of cations, confirming again the 

cation-selective behaviour of SE-PI membranes.  

 

1.2.3. Multi-Ionic Systems in Soft-Etched PI Membranes 

Calcium and potassium cations have a relevant role in biological and artificial 

nanochannels [133]. For this reason, multi-ionic systems in the SE-membranes were 

considered. Figure 35 and Figure 36 show the I-V curves and the normalized ionic conductance 

Gn obtained in electrolyte solutions (𝐺𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) with different mole fractions of Ca2+ (𝑋𝐶𝑎𝐶𝑙2
) 

to the KCl conductance (𝐺𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) at +2 V (Eq. 9). 
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 𝐺𝑛 =
𝐺𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

𝐺𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 Eq. 9 

For symmetric electrolyte conditions, the increase of 𝑋𝐶𝑎𝐶𝑙2
, converts the membrane 

from the monovalent to the divalent cation form at both V > 0 and V < 0 (Figure 35 and Figure 

A 8). In contrast to the bulk conductivity in dependence of 𝑋𝐶𝑎𝐶𝑙2
, the transmembrane current 

showed an abrupt decrease for the SE-treated PI membranes [133]. Several factors could cause 

this current reduction. First, the surface conductance of the divalent ions is lower than that of 

the monovalent ions because of the strong interaction with the negatively charged groups on 

the nanochannel surface, which may also create local charge inversion phenomena [133, 137, 

138]. Second, an effective electrostatic blockage caused by the accumulation of divalent cations 

at the negatively charged channel entrance can slow down the ions access and progression 

through the membrane.  

 

Figure 35: I-V curves of (a) MeOH- and (b) DMF-treated membranes at different CaCl2 mole fractions with 
[KCl + CaCl2] = 100 mM under symmetric electrolyte conditions, and (c) the related and KCl-normalized 
conductance Gn at +2 V. 

In the case of asymmetric conditions as shown in Figure 36 and Figure A 9, the observed 

current rectification suggests that high currents at V > 0 correspond to forcing the potassium 

cations to the nanochannel, while at V < 0 low currents result from forcing the calcium cations 

to the channel. Figure 36 (c) shows that the currents obtained in Figure 36 (a) and (b) for 

positive potentials (V > 0) did not depend on the 𝑋𝐶𝑎𝐶𝑙2
 value. Whereas at V < 0 the membrane 

conductance decreased with increasing 𝑋𝐶𝑎𝐶𝑙2
 value.  
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Figure 36: I-V curves of (a) MeOH- and (b) DMF-treated membranes at different CaCl2 mole fractions with 
[KCl + CaCl2] = 100 mM under asymmetric electrolyte conditions, and (c) the related and KCl-normalized 
conductance Gn at +2 V. 

To investigate further the ion selectivity of the DMF-treated PI membranes to alkali and 

divalent metal cations and to study the metal ion transport across the nanoporous membrane, 

permeation experiments were performed. The experimental data show that the SE-PI 

membrane is not able to differentiate between alkali cations, i.e., they can freely permeate 

across the membrane. Therefore, for the permeation experiment only KCl solution was used to 

investigate the monovalent ion selectivity and discrimination ability of the membrane towards 

divalent cations.  In this experiment, the membrane separated the metal chloride feed solution 

(1 M) from the deionized water permeate solution. Here, the ion transport occurs because of 

the concentration gradient (without applying an external electrical field). The ionic permeation 

was monitored by measuring the rising bulk conductivity of the permeate solution resulted from 

the concentration increase at prescribed time periods (Figure 37 (a)). In the case of KCl, the 

permeate solution conductivity increased rapidly compared with those of the divalent metal 

chloride solutions, showing again that sub-nanometer sized nanochannels in SE-PI membranes 

conduct K+ ions efficiently and reject divalent metal cations. The KCl salt flux ƒ scaled to the 

CaCl2, MgCl2, and ZnCl2 salt fluxes was used to determine the monovalent / divalent selectivity 

(Figure 37 (b)). These ratios were calculated from the slope of the conductivity versus time 

experimental fit in Figure 37 (a) and show again a significant selectivity in dependence of the 

cation charge number. 
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Figure 37: (a) Permeate conductivity versus time characterized by the metal cation transport from a feed 
1 M metal chloride solution through a DMF-treated PI membrane, and (b) the resulting KCl salt flux ƒ 
scaled to the CaCl2, MgCl2, and ZnCl2 salt fluxes. The ratio of experimental fluxes is a measure of the 
monovalent / divalent selectivity obtained from the slope of the conductivity versus time curves assuming 
a linear relationship between ion conductivity and concentration, which includes an approximately 
constant factor involving the ion diffusion coefficients and charge numbers. 

 

1.3.  Conclusion 

In summary, in this study the efficient (high currents and permeation rates) and 

selective (significant monovalent / divalent discrimination) transport of alkali ions through soft-

etched PI membranes was demonstrated. The ionic transport properties of SE-PI membranes 

have been analyzed with different electrolyte solutions containing alkali metal, divalent metal 

and organic cations under symmetric and asymmetric electrolyte conditions. Under symmetric 

conditions, the nanochannels showed ohmic behavior for alkali metal chlorides and ammonium 

chloride solutions while divalent cations were rejected to pass through. On the contrary, 

significant ion current rectification was obtained under asymmetric conditions. The I-V curves 

of the PI membranes fabricated by soft-etching technique showed significant differences 

between alkali cations and organic cations, discriminating also between monovalent and 

divalent metal cations. In addition, the ionic conduction of the membranes was very sensitive 

to the mole fraction of Ca2+ in a multi-ionic electrolyte solution, thus providing electrostatic 

and steric insights on potassium and calcium selectivity in biological systems. The transport 

experiment proved that alkali cations but not divalent cations efficiently permeate across the 

membrane.  

Overall, due to the good stability and high discrimination capability, SE-PI membranes 

could be useful in different applications with electrolyte solutions and mixtures [139]. 
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Furthermore, the selectivity, sensitivity and fast electrical response of these membranes could 

also be used in miniaturized sensing devices for the detection of different analytes in biological 

fluids and also for energy conversion systems.  

2. Size-Based Cationic Molecular Sieving through Solid-State 

NanochannelsII 

 

2.1.  Introduction 

Besides sensing applications, artificial nanochannels are very interesting in molecular 

filtration and discrimination processes. Many reports describe the use of different polymeric 

membranes for molecular separation applications. The separation of organic molecules and 

drug enantiomers based on the molecule charge or size was reported by Martin and coworkers 

who coated synthetic nanochannels with a gold layer [126, 140]. Stroeve et al. have 

demonstrated the pH-responsive transport of ions and biomolecules [141]. Molecular size-, 

charge- and hydrophobicity-based discrimination of organic molecules and proteins was also 

achieved through nanochannel functionalization [142]. 

Recently, polymer membranes with sub-nanometer-sized nanochannels have been 

obtained with the track-UV technique that allow highly selective and ultrafast sieving [130, 

143]. Moreover, the integration of MOFs inside bullet-shaped nanochannels of a polymeric 

membrane can exhibit high selectivity towards alkali ions while excluding divalent ions [131, 

144].  

In CHAPTER III section 1, the soft-etching technique has been introduced. Heavy ion 

irradiated PI membranes (109 tracks cm-2) are exposed to an organic solvent, which selectively 

                                                

 

II Parts of this section have been published beforehand in: Ali M, Nasir S, Froehlich K, Ramirez P, Cervera J, Mafe S and Ensinger 

W 2021 Size-Based Cationic Molecular Sieving through Solid-State Nanochannels Adv. Mater. Interfaces 8 2001766. 
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removes the damaged material from the latent tracks without affecting the bulk material. The 

soft-etched membranes allow the passage of ions whose size is smaller than the channel 

diameter and exclude larger molecules. In this following study, based on the results presented 

in CHAPTER III section 1, an experimental analysis of the molecular size-based sieving 

characteristics of the soft-etched PI membranes was performed. The transport of alkali metal 

ions and cationic molecules including alkali metal-crown ether complexes and alkylammonium 

cations was studied under an electric potential gradient across the membrane. The resulting 

ionic and molecular conductions were evaluated from the changes in the transmembrane 

current for a wide range of electrolyte solutions [145]. 

 

2.2.  Results and Discussion 

Cylindrically shaped nanochannels in UV-sensitized PI membranes (109 tracks cm-2) 

were fabricated through the soft-etching technique at room temperature using DMF for the 

solvent-treatment. In order to characterize these membranes, the conduction and 

discrimination of cationic alkali metal-crown ether complexes and alkylammonium cations 

(Figure 38) based on their molecular sizes was measured under an electric potential gradient. 

This case constitutes a significant experimental extension of the previous results presented in 

CHAPTER III section 1. The experimental and also theoretical analysis was published by Ali et al. 

[145]. 

 

Figure 38: Chemical structure of different cationic species used in I-V measurements to analyze the 
molecular size-based sieving of soft-etched PI membranes. 
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2.2.1. Size Exclusion of Cations based on Crown Ether Complexes 

DMF-treated PI membranes cannot distinguish between the different alkali cations 

because of the insufficient sensitivity of the nanochannels. To further analyze the generated 

channel diameter by using the SE method, the cation size was extended by adding different 

crown (C) ethers (25 mM 12C4, 15C5 and 18C6) to alkali chloride solutions (0.1 M LiCl, NaCl 

and KCl) to form crown ether complexes of known cavity diameters. Figure 39 shows the I-V 

curves and the corresponding conductances of the mixed electrolyte solutions.  

In the case of LiCl, no significant change in the transmembrane current values was 

observed after the addition of the crown ethers, in contrast to the cases of NaCl and KCl. It is 

well known that only Li+ ions having an effective diameter of 0.14 nm can be accommodated 

in the cavity of the 12C4 crown ring (0.09-0.12 nm diameter) to form a positively charged 

[Li(12C4)]+ complex [146]. Moreover, the similar electrical readouts in Figure 39 (a) 

demonstrate that not only the free Li+ ion but also the [Li(12C4)]+ complex can easily permeate 

through the nanochannel, which means that the complex size is smaller than the nanochannel 

diameter. The presence of 15C5 and 18C6 crown ethers had little effect on the I-V curves 

because of the inability of these molecules to form complexes with the Li+ ions. Here, the 

measured transmembrane current was generated by the free Li+ ions. 

In the case of crown ethers dissolved in NaCl solutions (Figure 39 (b)), the I-V curves 

for 12C4 and 18C6 crowns were almost similar due to the fact that complexation of these 

molecules with Na+ ions is negligible and the majority of the current was generated by free Na+ 

ions [146–148]. On the contrary, the ionic diameter of Na+ (0.19 nm) is comparable to the 

15C5 ring diameter in the crown ether cavity (0.170.22 nm), which led to the formation of 

highly stable [Na(15C5)]+ complexes (stability constant log K = 0.7) and to a significant 

decrease in the transmembrane current [146, 148]. Because the SE-PI membrane is cation-

selective, both the Na+ ion and the [Na(15C5)]+ complex migrated towards the nanochannel 

entrance under the applied external voltage. However, the significant current decrease in the 

corresponding I-V curve of Figure 39 (b) indicates that the [Na(15C5)]+ complex could not 

enter the nanochannel. This observation suggests that the nanochannel diameter should be 

close to the effective size of the [Na(15C5)]+ complex molecule with an outer diameter of 

approximately 0.81 nm [149]. 
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Figure 39: Changed transmembrane current across soft-etched PI membranes after the addition of 25 mM 
crown ether into 0.1 M alkali chloride solution. I-V curves of (a) LiCl, (b) NaCl and (c) KCl, and (d) the 
corresponding normalized conductance at +2 V. The blank case is a reference of the alkali chloride 
solution without the addition of crown ethers. 

The complex formation of 12C4 crown with K+ cation is almost negligible. The I-V curves 

of KCl with and without the addition of 12C4 crown ether in Figure 39 (c) are comparable.  In 

contrast, the addition of 15C5 and 18C6 crowns yielded a drastic current decrease. Although 

the cation size is larger than the 15C5 crown ether cavity diameter, a (2:1) sandwich complex  

(log K = 0.7) can still be formed, which could explain the change in the I-V curve [146–148, 

150–152]. For the 18C6 crown ether, the drastic decrease in the current value clearly suggests 

the formation of the [K(18C6)]+ complex (log K = 2.06) because of the compatibility between 

the K+ cation diameter of 0.27 nm and the cavity size of the 18C6 molecule of 0.26-0.32 nm 

[146–148]. The [K(18C6)]+ complex size is larger than the nanochannel diameter, which led 

to an effective channel blockage for free and complexed K+ ions. Although it was not possible 
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to determine the nanochannel diameter from optical imaging, these results indicate that the 

nanochannel diameter of DMF-soft-etched PI membranes is larger than the [Li(12C4)]+ and of 

the order of the [K(18C6)]+ complex size.  

The observed changes of the membrane conductance (Gblank) at +2 V after the addition 

of the crown ethers (Gcrown) were normalized for a better overview of the complexation effects 

(Figure 39 (d)). Only the [Li(12C4)]+ complex could pass through the nanochannels without 

interfering the free Li+ ions in the electrolyte solution, resulting in only a small decrease in the 

transmembrane current compared to the blank case. This small current decrease is due to the 

heavier weight of the complex molecule, which moves slower than the free ion in the electric 

field. In the case of NaCl electrolyte, the formation of the [Na(15C5)]+ complex led to a 

conductance reduction of 71%. The complexation of K+ to [K(15C5)2]+ and [K(18C6)]+ 

reduced the membrane conductance by 50% and 90%, respectively [150, 152]. It is possible 

that the current decrease was caused by a partial obstruction of the channel opening due to the 

formation of positively charged metal-crown complexes when compared with the changes in 

the bulk solution conductivity after the addition of different crown ethers in the corresponding 

alkali electrolyte solution (Figure A 10). 

In addition to soft-etched PI membranes, a control experiment was performed under the 

same experimental conditions using a single conical PI nanochannel. The tip diameter was large 

enough to allow a free permeation of metal-crown complexes across the membrane under the 

applied potential. As expected, the bulk solution conductivity showed only a minor decrease 

upon addition of crown ethers in the electrolyte solution (Figure A 11). 

 

2.2.2. Membrane Conductance in Dependence of the Crown Ether Concentration 

The effect of the crown ether concentration on the SE-PI membrane conductance was 

analyzed under symmetrical (Figure 40) and asymmetrical (Figure 41) electrolyte conditions. 

Under symmetrical electrolyte conditions, the increase in 12C4 crown ether concentration did 

not induce significant changes in the I-V curve of LiCl, suggesting a translocation of free and 

complexed Li+ ions across the membrane (Figure 40 (a)). In contrast, a significant current 

decrease was observed in the I-V curves of NaCl and KCl with increasing concentration of 15C5 

and 18C6 crown ethers as shown in Figure 40 (b) and (c), respectively.  

The normalized membrane conductance Gn at +2 V (Figure 40 (d)), observed from the 

corresponding I-V curves, confirms the suggestion that the formation of complexes with 

different molecular sizes in alkali chloride solution modulates the ion transport through the 

nanochannels. The transmembrane current could be reduced by the inability of the large 
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positively charged [Na(15C5)]+ and [K(18C6)]+ complexes to permeate across the membrane, 

and the strong electrostatic interactions of these complexes with the negatively charged 

nanochannel surface, which cause a partial channel blockage and increase of the hindrance for 

the incoming Na+ and K+ ions. These two effects become more dominant with increasing crown 

ether concentration and a decreasing number of non-complexed ions.  

 

Figure 40: Effect of the crown ether concentration on the I-V curves of 0.1 M (a) LiCl, (b) NaCl and (c) KCl, 
and (d) the corresponding normalized conductance at +2 V under symmetrical electrolyte conditions.  

In the case of asymmetrical electrolyte conditions, one side of the polymer membrane 

was in contact with 0.1 M alkali chloride solution while the other side was exposed to a mixture 

composed of 0.1 M alkali chloride and different concentrations of crown ethers. Figure 41 (a) 

shows the case of LiCl and 12C4 crown ether. Here, only small changes in the transmembrane 

current with no rectification occurred with increasing crown ether concentration. As mentioned 

before, the [Li(12C4)]+ complex can permeate across the PI membrane without interfering with 
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the free incoming Li+ ions. The combinations of NaCl / 15C5 and KCl / 18C6, however, showed 

a current decrease as well as a rectification phenomena (Figure 41 (b) and (c)). Here, the free 

Na+ and K+ were able to permeate across the membrane at positive voltages (V > 0), but the 

translocation of the cationic complexes at negative voltages (V < 0) was prohibited. This 

behavior led to the current rectification (Figure 41 (d)) that follows a monotonous increase 

with the 15C5 and 18C6 crown ether concentration. This effect was stronger for [K(18C6)]+ 

having a molecular size around 1.15 nm than for [Na(15C5)]+ having a molecular size of 

0.81 nm [153, 154].  

 

Figure 41: Effect of the crown ether concentration on the I-V curves of 0.1 M (a) LiCl, (b) NaCl and (c) KCl 
under asymmetrical electrolyte conditions. The working electrode was exposed to the metal chloride 
solution while the ground electrode was exposed to the mixed solution composed of metal chloride and 
crown ether. (d) The electric current rectification ratios r obtained from the corresponding I-V curves. 

In agreement with the results in the previous section, this data confirms the suggestion 

that the effective nanochannel diameter of DMF-treated PI membranes is bigger than the 
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[Li(12C4)]+ complex size but in the order of the [Na(15C5)]+ and [K(18C6)]+ complex 

diameters. 

Further I-V measurements were performed to get deeper insight into the complexation 

phenomena. The electrolyte concentration of KCl was varied (0.1 M, 0.5 M and 1.0 M) while 

the concentration of 18C6 crown ether was kept constant (25 mM). An effective screening of 

the nanochannel surface charges by mobile counter ions was possible when the electrolyte 

concentration was high enough. Higher electrolyte concentration led to an increase of the 

number of free mobile ions. As shown in Figure 42, a higher KCl concentration increased the 

normalized conductance of the SE-PI membrane. The formation of the [K(18C6)]+ complex in 

0.1 M, 0.5 M and 1.0 M KCl electrolyte solution reduced the membrane conductance by 77%, 

67% and 56%, respectively. 

 

Figure 42: I-V curves of the SE-PI membrane (a) before and (b) after the addition of 25 mM 18C6 
crown ether for different KCl concentrations, and (c) the corresponding normalized 
conductance Gn at +2 V. 

 

2.2.3. Size Exclusion of Cations based on Steric Effects 

The effects of organic cations with different molecular sizes were investigated in series 

of alkylammonium chloride solutions under symmetrical (Figure 43) and asymmetrical (Figure 

44) electrolyte conditions [153, 155]. The used salts were ammonium (NH4
+) and its cation 

derivatives methylammonium (MeNH3
+), dimethylammonium (Me2NH2

+), trimethyl-

ammonium (Me3NH+) and tetramethylammonium (Me4N+), and the quaternary ammonium 

cations tetraethylammonium (Et4N+), tetrapropylammonium (Pr4N+) and tetrabutyl-

ammonium (Bu4N+) cations. The electrolyte solution was composed of different mole fractions 
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of alkylammonium chloride dissolved in an aqueous ammonium chloride solution at a constant 

total concentration of RNCl + NH4Cl = 0.1 M. 

Under symmetrical electrolyte conditions, no significant changes in the ion current for 

the MeNH3Cl / NH4Cl electrolyte with increasing concentration of MeNH3
+ cations were 

observed (Figure 43 (a)). This indicates that the nanochannel diameter is larger than the cation 

diameters of NH4
+ (0.33 nm) and MeNH3

+ (0.37 nm). The bulky cations Me2NH2
+ (0.47 nm), 

Me3NH+ (0.51 nm) and Me4N+ (0.55 nm) move slower in the electric field than NH4
+ leading 

to a significant reduction of the transmembrane current in dependence of the mole fraction 

(Figure 43 (b-d)). For a mole fraction of 1.0, the cation size prominently determined the 

transmembrane current and the membrane conductance (Figure 43 (h)) leading to a 

conductance decrease of 26% (MeNH3
+), 54% (Me2NH2

+), 78% (Me3NH+) and 90% (Me4N+). 

Although this huge conductance decrease suggests that the Me4N+ cation might have an 

effective size in the order of the nanochannel diameter, beside molecular size hydrophobic 

effects could also have an influence on the translocation. For this reason, further I-V 

measurements were performed using quaternary ammonium chloride solutions (Figure 43 (e-

g)). Like in the case of Me4N+, Et4N+ exhibited a comparable trend at low mole fractions with 

a current drop of ~15%. On the other hand, Pr4N+ (~0.9 nm) and Bu4N+ (~1.0 nm) cations 

caused a drastic current drop of ~50% at low mole fractions. For mole fractions over 0.1, both 

Pr4N+ and Bu4N+ virtually blocked the nanochannels, suggesting that their molecule sizes could 

be commensurate with the channel opening diameter. These results provide an indirect but 

reasonable estimation of the nanochannel radii for DMF-treated PI membranes. 

Figure 44 considers the case for asymmetrical electrolyte conditions, where one side of 

the soft-etched PI membrane was exposed to the different alkylammonium solutions with 

varying cation mole fractions while the other membrane side was exposed to NH4Cl solution. 

No significant changes in the transmembrane current at ±2 V were detected after the addition 

of MeNH3
+ cations because the cation size is smaller than the nanochannel diameter allowing 

a free permeation across the membrane. For the other ammonium cation derivatives, a 

successive reduction in the current was measured with increasing number of methyl 

substitution. The current decrease was more prominent for the bigger quaternary ammonium 

derivatives. Comparable to the results in CHAPTER III section 2.2.2, the current decrease at V < 

0 was larger than at V > 0 leading to an ion current rectification that increases with the cation 

size (Figure 44 (h)).   
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Figure 43: (a - g) I-V curves for different mole fractions of alkylammonium cations in NH4Cl solution (RNCl 
+ NH4Cl = 0.1 M) under symmetrical electrolyte conditions, and (h) the corresponding normalized 
conductance Gn at +2 V. 
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Figure 44:  (a - g) I-V curves for different mole fractions of alkylammonium cations in NH4Cl solution (RNCl 
+ NH4Cl = 0.1 M) under asymmetrical electrolyte conditions, and (h) the corresponding current 
rectification ratios r at 1 V. One side of the membrane (working electrode) was exposed to 0.1 M NH4Cl 
solution while the other side (counter electrode) was exposed to different alkylammonium mole fractions 
with RNCl + NH4Cl = 0.1 M. 
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In addition to SE-PI membranes, a control experiment was performed under 

symmetrical electrolyte conditions using a single conical PI nanochannel and 0.1 M quaternary 

ammonium chloride electrolyte solutions. The tip diameter was large enough to allow a free 

permeation of Me4N+, Et4N+, Pr4N+ and Bu4N+ cations across the membrane under the applied 

potential. As expected, the bulk solution conductivity showed only a minor decrease of the 

current at V > 0 in comparison with the DMF-treated PI membrane (Figure A 12). 

 

2.3.  Conclusion 

In this study, the electrostatic- and molecular size-based sieving obtained with a soft-

etched PI membrane was investigated. To this end, the electrical conduction and current 

rectification of alkali metal-crown ether complexes and alkylammonium ions was studied under 

symmetrical and asymmetrical electrolyte conditions. The results suggest that relatively small 

cationic species such as the alkali ions, the ammonium ion, and the [Li(12C4)]+ complex can 

permeate across the membrane under an applied electric field. On the other hand, the 

negatively charged nanochannels hinder the passage of bigger cations whose molecular sizes 

are in the nanometer range, although both molecular size and particular hydrophobicity could 

influence the transmembrane cation permeation. 

3. Enhancement of Heavy Ion Track-Etching in Polyimide 

Membranes with Organic SolventsIII 

 

3.1.  Introduction 

Among the various commercially available polymers, PI is very attractive in a wide field 

of applications because of its excellent physical, chemical, electrical and mechanical properties 

at low and high temperature extremes [156–160]. Due to the high resistance and stability even 

under harsh conditions, nanoporous PI membranes are highly suitable for sensing applications 

                                                

 

III Parts of this section have been published beforehand in: Froehlich K, Scheuerlein M C, Ali M, Nasir S and Ensinger W 2022 

Enhancement of heavy ion track-etching in polyimide membranes with organic solvents Nanotechnology 33 045301. 
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ensuring a long life-time of the sensor and low costs of the raw material. Furthermore, 

transmembrane currents through PI nanochannels exhibit a stable current signal in contrast to 

nanochannels in PET membranes, which show ion current fluctuations due to dangling ends at 

the channel entrance [61]. Nevertheless, the fabrication of synthetic nanochannels in PI 

membranes is difficult and requires harsh etching conditions. Typically, a NaOCl solution (12-

13% active chlorine, pH > 12) is used for ion track-etching at high temperatures (50°C) [47, 

73, 161]. Previously, several studies have been published on the track-etching of PI using NaOCl 

as the etching solution. It has been shown that the pH and the concentration of active chlorine 

are significant in the track-etching process [47, 162]. For example, the influence of the etching 

solution pH value on the channel geometry was investigated by Trautmann and coworkers. 

They have observed that the bulk-etch rate increases exponentially with the pH, while the track-

etch rate has only a weak linear dependence on pH of the etchant [47]. Klintberg et al. described 

the effect of decomposition of aqueous NaOCl solution during the etching process on the etch 

rates and nanochannel shape. It is important to note that the aqueous NaOCl is unstable and 

gradually deteriorates on exposure to heat, light and variation of solution pH [162].  

To keep the bulk-etch rate and the latent track-etch rate constant during the ion track-

etching, the decomposition of the NaOCl solution caused by heat and pH changes during the 

etching process has to be reduced. This can be achieved by increasing the etch rates and 

decreasing the etching time. Previously, a combination of an etchant and a strong oxidizer such 

as potassium permanganate or hydrogen peroxide has been used to enhance the track-etch rate 

[163, 164]. So far, the effect of organic solvents on the chemical track-etching of PI membranes 

has not been investigated [165]. 

 

3.2.  Results and Discussion 

In this work, the effect of organic solvents on the track-etching of PI membranes was 

explored to improve the fabrication process of nanochannels in terms of faster channel 

formation and better control over the channel diameter growth. A variety of solvents such as 

ACN, DCM, DMF, DMSO, EtOH, MeOH, 2-PrOH, THF and EAc were investigated in combination 

with NaOCl etchant. Two approaches were examined to fabricate nanochannels in SHI 

irradiated PI membranes. In the first approach, PI samples were first soaked in the organic 

solvent followed by chemical track-etching of the latent tracks with NaOCl solution. In the 

second approach, track-etching was performed with etchant mixtures having different ratios 

(by vol%) of NaOCl and organic solvents. Furthermore, the track-etching was also studied at 
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different temperatures ranging from 23°C to 50°C. The influence of organic solvents on the 

nanochannel diameter was optically analyzed through SEM.  

 

3.2.1. Chemical Track-Etching of Solvent-Treated PI Membranes 

First experiments to investigate the effect of organic solvents on the chemical etching 

process with NaOCl solution were performed using a two-step procedure. In the first step, SHI 

irradiated PI membranes (107 tracks cm-2, no UV-sensitization) were exposed to organic 

solvents including ACN, THF, DMSO, DMF, EtOH and MeOH for 1 h at 50°C in a closed glass 

beaker. Like for the case of soft-etching at room temperature, no channels were observed in the 

SEM images after SE at 50°C. In the next step, nanochannels in the solvent-treated membranes 

were fabricated by symmetric chemical track-etching with NaOCl for 45 min at 50°C. The 

symmetrical etching was performed with the PI foil fixed between two chambers of the etching 

cell. The SEM images of the chemically etched nanochannels are given in Figure 45. SEM 

analysis showed that almost all chemically track-etched PI samples treated with organic solvents 

(except MeOH) resulted in a significant increase of the channel diameter as shown in Table 7. 

In the case of MeOH-treated sample, only a 16% increase in the channel diameter was observed 

compared to the untreated one. Whereas, the nanochannel diameters were almost doubled in 

size for PI samples exposed to ACN (+105%) and EtOH (+107%). The hugest effect was 

observed in the case of the protophilic aprotic solvents THF (+240%), DMF (+284%) and 

DMSO (+347%) generating nanochannels in the micrometer range after only 45 min etching. 

 

Figure 45: SEM images of PI membranes (107 tracks cm-2) etched symmetrically using a two-step etching 
process (a) no solvent-treatment, (b) MeOH, (c) ACN, (d) EtOH, (e) THF, (f) DMF and (g) DMSO. 

Although the pretreatment step caused for almost all solvents an impressive channel 

diameter increase compared to a non-treated PI membrane, the channel opening shape was 
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very conspicuous. The borders of the channel walls of the samples soaked for example in THF 

(Figure 45 (e) or DMSO (Figure 45 (g) were rough and irregular, or in case of EtOH-treatment 

even cracked (Figure 45 (d). In addition, almost all solvent-treated samples (except MeOH), 

showed elliptically shaped channel openings. Apel et al. reported that elliptically shaped 

nanochannels in polymer membranes can be caused by the anisotropy in biaxially stretched 

polymer materials, where preferential orientation of macromolecular chains and anisotropic 

residual mechanical stress can contribute to different etch rates along and across the directions 

of stretching [89]. A control experiment was performed with the etchant filled in in a closed 

beaker instead of using a set-up where the membrane was fixed between two compartments of 

the etching cell. SEM analysis showed that PI membranes etched in the glass beaker contained 

circular-shaped channel openings (Figure A 13). This suggests that the steric properties and 

mechanical forces have to be considered during channel fabrication. However, elliptical-shaped 

nanochannels could be interesting for example in ultrafiltration processes, where such channel 

shape increases the permeability of the membrane while keeping its selectivity [166].  

Table 7: Channel diameter D of PI samples exposed to different organic solvents, followed by symmetrical 
track-etching with NaOCl for 45 min at 50°C. The channel diameter of elliptical-shaped channels was 
calculated by measuring the diameter of the minor axis 

Solvent D (m) 

no SE 0.43 ± 0.02 

MeOH 0.50 ± 0.04 

ACN 0.88 ± 0.04 

EtOH 0.89 ± 0.03 

THF 1.46 ± 0.06 

DMF 1.65 ± 0.07 

DMSO 1.92 ± 0.09 

 

There are at least two possibilities how organic solvents might affect the chemical track-

etching process. It is possible that organic solvents might be indirectly involved in the ion track 

dissolving / softening by only swelling the polymer membrane, making the polymer chains 

wider and more vulnerable for imide ring cleavage by the active chlorine [167, 168]. The 

swelling of polymers increases the accessibility of the electrophilic centers (shielding in tight 

and dense polymer structures is higher than in swollen ones), which results in a faster etching 

process. The organic solvents could also be directly involved in the dissolving and softening of 

the latent track core. Since the etching step was performed immediately after solvent-treatment, 

it is possible that organic solvent residues were still adsorbed / embedded in the polymer bulk 

material. These solvent molecules could enhance and accelerate the etching process, e.g., by 

creating a more aggressive etchant (without affecting the pH value significantly). Contact angle 

measurements with NaOCl showed that the exposure of PI membranes to different organic 

solvents for 90 min at room temperature changed the membrane surface hydrophobicity 
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compared to an untreated membrane (Figure A 14). However, there was no clear correlation 

between the generated channel diameters and the measured contact angles. This suggests that 

the wettability of the membrane surface was not the main reason for the increased etch rates.   

 

3.2.2. Chemical Track-Etching with NaOCl / Organic Solvent Mixtures 

In order to investigate the influence of solvent residues after solvent-treatment as 

described in the previous section, the NaOCl solution was mixed with different organic solvents 

and used as the chemical etchant without any further PI treatment. In the following sections, 

the effects of parameters such as the choice of solvent, NaOCl / solvent ratio and etching 

temperature on the generated channel diameter are presented. 

  

3.2.2.1.  Influence of Organic Solvents on the Bulk- and Track-Etch Rates 

The effect of organic solvents during chemical etching on the bulk- and track-etch rates 

was investigated. The etchant was composed of NaOCl and organic solvent in a ratio of 9:1, 

meaning that the etching solution contained 90 vol% of NaOCl and 10 vol% of an organic 

solvent. The etching of the PI membranes was performed symmetrically for 45 min at 50°C.  

Figure 46 (a - d) show the SEM images of PI membranes etched with NaOCl, NaOCl / ACN, 

NaOCl / THF and NaOCl / EtOH, respectively. 

The chemical etching of SHI irradiated PI membrane (107 tracks cm-2, no UV-

sensitization) using commercially available NaOCl generated nanochannels with a diameter of 

0.43 ± 0.02 m after 45 min. The addition of organic solvents in NaOCl solution increased the 

channel opening, although all other experimental conditions stayed the same. In the presence 

of ACN, THF and EtOH, the diameters of track-etched nanochannels were 1.22 ± 0.04 m, 1.70 

± 0.06 m and 2.32 ± 0.13 m, respectively. It is evident that the addition of ACN, THF and 

EtOH to the etchant caused a ~3-times, ~4-times and ~5.4-times increase in the channel 

diameter compared to PI samples etched with pure NaOCl solution. Comparing these results 

with Figure 45 and Table 7, larger channel diameters were generated by using NaOCl / solvent 

mixtures than through the pretreatment with ACN, THF and EtOH. Furthermore, NaOCl / 

organic solvent mixtures fabricated nanochannel openings of circular shape with a more 

uniform diameter distribution while exhibiting remarkably smooth channel openings. 
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Figure 46: Symmetrical etching of PI membranes (107 tracks cm-2) with NaOCl solution and 9:1 mixtures 
of NaOCl / solvents at 50°C. SEM images after 45 min etching with (a) NaOCl, (b) NaOCl / ACN, (c) NaOCl 

/ THF, and (d) NaOCl / EtOH. (e) Bulk-etch rates vb of NaOCl and 9:1 mixtures of NaOCl / solvents at 50°C 
calculated from at least five channel diameters in dependence of the etching time in symmetrical etching 
process. (f) Etching curves monitored during symmetrical etching process at 50°C showing the 
breakthrough current related to the track-etch rates vt. (g) Effect of 10 vol% organic solvents in etchant 
mixtures with NaOCl on the channel diameter after 45 min symmetrical etching at 50°C [165]. 

To determine the bulk-etch rates vb
etchant for the etchant mixtures, the channel diameter 

was analyzed in dependence of the etching time (Figure 46 (e), Figure A 15 - Figure A 18). The 

channel diameter significantly depends on the etch rate of the bulk material vb
 etchant at the latent 

track position. Under the same experimental conditions, the etch rates obtained for the used 

etching solutions were vb
 NaOCl ≈ 16 ± 1 nm min-1, vb

NaOCl/ACN ≈ 28 ± 3 nm min-1, vb
 NaOCl/THF ≈ 54 

± 7  nm min-1 and vb
 NaOCl/EtOH ≈ 65 ± 9 nm min-1. It is worth mentioning that the intersection of 

the linear fit for NaOCl / ACN, NaOCl / THF and NaOCl / EtOH mixtures with the y-axis is not 

at zero. One reason is that the etching is not a linear process because it takes some time before 

a channel opening is formed and the diameter starts to rise. Moreover, the etching solution was 

affected by a temperature gradient. At the beginning of the etching process, the temperature of 
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the etching solution was around 23°C and increased up to 50°C while the etching was in 

progress. 

To determine the track-etch rate vt
etchant, an external electric field across the membrane 

was applied to monitor the track-etching process. As soon as the breakthrough point was 

reached, the nascent nanochannel was generated and an ion flow through the membrane was 

possible resulting in increasing transmembrane currents (Figure 46 (f)). The current value 

depends on the number of latent tracks in the transmembrane area and the number of 

breakthroughs. Since the latent track distribution after SHI irradiation of the PI foil is statistical 

and the polymer has crystalline and amorphous structures, the track-etch rate vt differs between 

the tracks. For this reason, the current values in Figure 46 (f) show the summarized currents 

vs. time. When using NaOCl etching solution, latent tracks with the highest etch rate vt reached 

the breakthrough point after ~32 min. The addition of small amounts of EtOH to the etching 

solution decreased the breakthrough time to ~30 min. Using ACN or THF further reduced the 

breakthrough time to ~17 min and ~22 min, respectively. The track-etch rate vt
etchant was 

estimated using Eq. 10 [6, 47]. 

 
𝜈𝑡

𝑒𝑡𝑐ℎ𝑎𝑛𝑡 =  
𝐿

2𝑡
 

Eq. 10 

With a membrane thickness L of 12 µm and the time required to reach breakthrough t, 

the track-etch rates were vt
NaOCl ≈ 188 nm min-1, vt

NaOCl/EtOH ≈ 200 nm min-1, vt
NaOCl/ACN ≈ 353 nm 

min-1 and vt
NaOCl/THF ≈ 273 nm min-1. These results show that small amounts of organic solvents 

in the NaOCl etching solution increase the bulk-etch rate as well as the track-etch rate, reducing 

the fabrication time of nanochannels in PI membranes by 47% (ACN), 31% (THF) and 6% 

(EtOH).  

The velocity of the current increase after the breakthrough is an important parameter in 

the fabrication of nanochannels with asymmetrical channel shapes (e.g. conical or bullet). In 

Figure 46 (f), the etch curves show faster current increase after breakthrough for all samples 

prepared with NaOCl / organic solvent mixtures compared with pure NaOCl etching solution. 

The current increase in the case of THF was slightly faster than for ACN, although vt
NaOCl/ACN > 

vt
NaOCl/THF. One reason could be a smaller distribution of different etch rates vt in case of THF 

and a higher number of track breakthroughs at the same time. Another possible explanation is 

vb
NaOCl/ACN < vb

NaOCl/THF, which causes a faster channel diameter growth to allow higher ion flow.  

The channel diameter was also determined after 45 min symmetrical etching at 50°C 

using other organic solvents in etchant mixtures (9:1), i.e., MeOH, 2-PrOH, DMF, DMSO, EAc 

and DCM (Figure 46 (g), Figure A 19). PI membranes etched with NaOCl / DCM mixture 
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showed a ~87% increase in channel diameter. The etching curve of DCM at 50°C (Figure A 22 

(c)) shows a breakthrough during the first few minutes of the symmetrical etching indicating 

that vt
NaOCl/DCM >> vt

NaOCl. However, due to a limited controllability of the etching process as 

well as the toxicity and high vapor pressure of DCM, only a few experiments were performed 

with this solvent (Figure A 19, Figure A 21, Figure A 22, Table A 3). The contact angle obtained 

for NaOCl / solvent mixtures differed from water and pure NaOCl (Figure A 14 (b)). However, 

no clear relationship between the wettability of the membrane surface with the etching solution 

and the generated channel diameter was obtained. 

In summary, etching at 50°C with a NaOCl / solvent etchant mixture (9:1) is more 

efficient than with pure NaOCl solution in terms of generating larger channel diameters in a 

shorter time scale. The results show that the order of bulk-etch rates is vb
NaOCl/EtOH > vb

NaOCl/THF 

> vb
NaOCl/ACN > vb

NaOCl, whereas the order of track-etch rates is vt
NaOCl/ACN > vt

NaOCl/THF > vt
NaOCl/EtOH 

> vt
NaOCl. In terms of a fast channel fabrication, the controllability of the channel diameter 

growth, and also of health and environmental reasons, a mixture of NaOCl solution and ACN is 

the best choice among the solvents used in this study. 

   

3.2.2.2.  Channel Diameter in Dependence of the Etchant Mixture Composition 

The influence of the organic solvent on the nanochannel diameter was analyzed by 

varying the solvent ratio in the etching solution. Figure 47 shows the SEM images and an 

overview of the channel diameter in dependence of the vol% of ACN, THF and EtOH. Channel 

diameters of 2.00 ± 0.04 m and 2.67 ± 0.16 m were achieved with NaOCl / ACN (8:2) and 

NaOCl / THF (7:3), respectively (Table A 2). Further increasing of the organic solvent volume 

(Figure A 20) reduced the channel diameters, probably due to a significant reduction of active 

chlorine concentration that is needed for the basic imide ring cleavage. In case of EtOH, the 

SEM image in Figure 47 (k) shows extreme damages and dissolution on the membrane surface 

when the solvent volume is increased up to 20%. 
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Figure 47: Solvent dependent symmetrical etching of PI membranes (107 tracks cm-2) with mixtures of 
NaOCl / solvent at 50°C. SEM images and channel diameter after 45 min etching with 5%, 10% and 20% 
of (a – d) ACN, (e – h) THF (e – h) and (i – l) EtOH. 

 

3.2.2.3. Effect of Organic Solvents on the Channel Diameter in Dependence of the    
Etching Temperature 

The etching temperature at which the chemical track-etching is performed, significantly 

determines the bulk- and track-etch rates. For this reason, symmetrical etching for 45 min was 

performed at different temperatures to investigate the etching behavior of the NaOCl / organic 

solvent mixtures. Figure 48 shows SEM images and an overview of the channel diameter at 

23°C (room temperature), 35°C and 50°C for an etchant mixture composed of NaOCl / solvent 

(9:1) containing ACN, THF and EtOH. 

At 23°C, only the sample prepared with NaOCl / ACN showed nanochannels (36 ± 

2 nm) under SEM (Figure 48 (a)). It is possible that smaller nanochannels were closed during 

the Au sputtering process used for SEM sample preparation. At 35°C, an increase in channel 

diameters indicate that the bulk-etch rate is vb
NaOCl/EtOH > vb

NaOCl/THF > vb
NaOCl/ACN > vb

NaOCl. 

Regarding the etching curves (Figure A 22), the etch rates along the latent tracks are quite 

similar for NaOCl / THF and NaOCl / ACN (vt
NaOCl/THF ≈ 188 nm min-1 and vt

NaOCl/ACN ≈ 222 nm 

min-1), whereas no breakthrough was reached for NaOCl / EtOH mixture or NaOCl solutions in 

45 min of symmetrical etching. 
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Figure 48: Temperature dependent symmetrical etching of PI membranes (107 tracks cm-2) with an 
etchant mixture of NaOCl / solvent (9:1). SEM images and channel diameters after 45 min etching at 
23°C, 35°C and 50°C with (a – d) ACN, (e – h) THF and (I – l) EtOH.  

 

3.2.2.4.  Channel Profile Generated by NaOCl / Solvent Mixtures 

Organic solvents proved to have a significant effect on the bulk- and track-etch rates of 

SHI irradiated PI membranes. In this section, the impact of organic solvents on the nanochannel 

geometry is discussed. For this purpose, the cross-sections of PI membranes (107 tracks cm-2) 

fabricated under symmetrical and asymmetrical etching conditions at 50°C using 9:1 etchant 

mixtures of NaOCl / ACN (Figure 49 (a – b)), NaOCl / THF (Figure 49 (c – d)) and NaOCl / 

EtOH (Figure A 23) were analyzed under SEM. In case of asymmetrical track-etching, a stopping 

solution mixture composed of 1 M KI / solvent (9:1) was used to neutralize the etchant after 

the breakthrough point.  

After 45 min of symmetrical etching at 50°C with 9:1 NaOCl / ACN and NaOCl / THF, 

the almost cylindrical-shaped channels were successfully fabricated. It was quite challenging to 

prepare the PI membrane samples to image the cross-section of the nanochannels because of 

the high chemical and mechanical stability of the polymer. To prepare the membrane cross- 

section, the untreated part of the membrane was cute and then the etched area was carefully 
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torn apart. Therefore, the nanochannel profile was slightly deformed due to the sample 

preparation for SEM analysis. 

 

Figure 49: SEM images of PI membranes (107 tracks cm-2) prepared using symmetrical and asymmetrical 
track-etching technique with 9:1 etchant mixtures of (a - b) NaOCl / ACN and (c - d) NaOCl / THF at 50°C 
for 45 min chemical etching. 

 In the case of asymmetrical track-etching using NaOCl / ACN and NaOCl / THF 

mixtures, the asymmetrically shaped nanochannels were successfully formed across the 

membrane length. For the case of NaOCl / THF, the base opening diameter of the asymmetric 

channel was larger compared to the sample prepared with the NaOCl / ACN etchant mixture. 

On the contrary, the PI samples fabricated with NaOCl / EtOH did not reach the breakthrough 

point in 45 min of asymmetric-etching time (Figure A 23). However, the profile of the etched 

area indicates a conical channel geometry. Despite possible deformations during sample 

preparation, the SEM images in Figure 49 clearly show the effect of organic solvents on the ion 

track-etching of PI membranes compared to those prepared using pure NaOCl solution (Figure 

A 23). 

The opening angle was calculated by using Eq. 1 and the obtained vb and vt values as 

described in the previous sections. The results are listed in Table 8. The standard deviation of 

vb was used to calculate the error of However, the real error should be bigger because 

different sources of error like experimental deviations and morphological differences of the 

latent tracks were unknown and could not be included in the calculations. In case of NaOCl 

etching solution, the calculated channel opening angle was  = 4.9 ± 0.3 °. This value is in the 

order of the opening angle of ~6.7 ° reported by Trautmann et al. for the chemical etching at 

58°C with NaOCl solution (pH 12) [47]. The 9:1 NaOCl / ACN mixture resulted in nanochannels 

with almost the same opening angle  = 4.6 ± 0.5 ° as with pure NaOCl solution. Huge opening 

angles of  = 11.4 ± 1.6 ° and  = 18.6 ± 2.6 ° were produced with 9:1 mixtures of NaOCl / 
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THF and NaOCl / EtOH, respectively. The relationship of etchant with NaOCl ≈ NaOCl/ACN < 

NaOCl/THF < NaOCl/EtOH is in good agreement with the SEM images in Figure 46 (a – d), where 

bigger opening angles were visible as increased difference between the inner and outer 

diameter (bright area around the channel opening) of the nanochannel. 

 Table 8: Calculated nanochannel opening angle in dependence of the experimentally obtained track-

etch rate vt and bulk-etch rate vb values of PI membranes fabricated using NaOCl and NaOCl / solvent 
(9:1) mixtures under symmetric etching conditions at 50°C. 

Etchant vt (nm min-1) vt (nm min-1)  (°) 

NaOCl 16 ± 1 188 4.9 ± 0.3 

NaOCl / ACN (9:1) 28 ± 3 353 4.6 ± 0.5 

NaOCl / THF (9:1) 54 ± 7 273 11.4 ± 1.6 

NaOCl / EtOH (9:1) 65 ± 9 200 18.6 ± 2.6 

 

3.3.  Conclusion 

In summary, this study demonstrates the role of organic solvents in the chemical track-

etching of heavy ion irradiated PI membranes. The organic solvents have been either used for 

sample pretreatment before the chemical etching process (two-step procedure) or directly 

added in the NaOCl etching solution (one-step procedure). Both approaches led to the 

fabrication of porous PI membranes with larger channel diameters compared to chemical 

etching with NaOCl under the same experimental conditions. For the two-step etching process, 

the order of increase in channel diameter was found to be DMSO (1.92 m) > DMF (1.65 m) 

> THF (1.46 m) > ACN (0.88 m) ≈ EtOH (0.89 m) > MeOH (0.50 m) ≈ no solvent 

(0.43 m). In the case of etchant mixtures (NaOCl / solvent, 9:1), a significant increase in both 

the bulk- (vb) and track-etch (vt) rates was observed. In the one-step etching approach, the order 

of vb was vb
 NaOCl/EtOH (65 ± 9 nm min-1) > vb

 NaOCl/THF (54 ± 7 nm min-1) > vb
 NaOCl/ACN (28 ± 

3 nm min-1) > vb
 NaOCl (16 ± 1 nm min-1), whereas the order of vt was vt

 NaOCl/ACN (353 nm min-1) 

> vt
 NaOCl/THF (273 nm min-1) > vt

 NaOCl/EtOH (200 nm min-1) > vt
 NaOCl (188 nm min-1). Among the 

various etchant compositions, a dramatic enhancement in vt was obtained by using THF and 

ACN solvents, yielding a reduction of the nanochannel fabrication time up to 31% and 47%, 

respectively. In the past, nanoporous PET membranes were favored in sensing applications 

despite the superior chemical and mechanical stability of PI because of the faster and more 

controllable PET track-etching process. This study opens up new opportunities for using PI 

nanochannels in different possible applications, not only because the use of organic solvents 

significantly reduces the fabrication time, but also because of the flexibility of this method to 

fabricate nanochannels of various dimensions. 
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4. Ion Current Rectification Characteristics of PI Membranes 

 

4.1.  Introduction 

Polymer membranes with a single conically shaped nanochannel have been employed 

to miniaturize very sensitive and selective nanofluidic devices for successful recognition of 

(bio)molecules [10, 73, 169]. The fabrication process of a single conical nanochannel in a PI 

membrane using the track-etching technique is time-consuming and difficult. Usually, NaOCl 

solution is used for the asymmetrical etching process. However, this procedure has some very 

crucial disadvantages. On the one hand, the bulk- and track-etch rates of the polymer 

significantly depend on the pH value and the concentration of active chlorine in the NaOCl 

solution. Light, heat and varying pH values cause a deterioration of the etchant [162]. On the 

other hand, the high chemical and mechanical resistance of PI increase the polymer stability 

against the chemical etching, extending the nanochannel fabrication time and requiring harsh 

etching conditions. Besides the time aspect and the need of an aggressive etchant at high 

temperatures, the reproducibility of the nanochannel geometry and the transmembrane current 

is hard to achieve. A major problem is the unpredictable breakthrough point and the fast 

increase of the transmembrane current after the formation of the nascent nanochannel.  

In the case of PET membranes, the breakthrough moment is indicated by a slow rise of 

the transmembrane current (Figure 50 (a)). Furthermore, when the breakthrough point is 

reached, the current increase is slow enough to have good control over the channel diameters 

and geometry. For the case of PI, the breakthrough appears as a sudden growth of the 

transmembrane current value (Figure 50 (b)). To keep the tip diameter (asymmetrical etching) 

as small as possible, what is significant for a sensitive and selective sensing device, it requires 

an immediate termination of the etching process. This is, however, very hard to handle. For this 

reason, the etching process has to be monitored and controlled continuously, and the 

fabrication of reproducible membrane properties is very difficult. 

With this background, the organic solvent-assisted track-etching of PI membranes was 

further extended to enhance the fabrication of single symmetrically and asymmetrically shaped 

nanochannels. 
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Figure 50: Etching curves of an asymmetrically etched single ion irradiated (a) PET membrane with 9 M 
NaOH, and (b) PI membrane with NaOCl.  

 

4.2.  Results and Discussion 

In CHAPTER III section 3, two solvent-assisted approaches for the generation of PI 

nanochannels were presented. The previous results showed that organic solvents increase the 

bulk- and track-etch rates of PI latent tracks and enable the fabrication of bigger channel 

diameters than with pure NaOCl solution at the same time-scale. In this study, these approaches 

were applied for the fabrication of single nanochannel membranes.  

 

4.2.1.  Track-Etching of Single Ion Irradiated PI Membranes after Solvent-Treatment 

The two-step nanochannel fabrication procedure, in which the organic solvent-

treatment is followed by chemical track-etching with NaOCl at 50°C, leads to an increase of the 

bulk- and the track-etch rates. To extend this approach, symmetrical and asymmetrical track-

etching of single ion tracked PI membranes (no UV-sensitization) was performed. 

 

4.2.1.1.  Effect of the Pretreatment Time on the Breakthrough 

Since it is possible that the duration of the pretreatment step significantly influences the 

breakthrough, several PI foils were exposed to DMF solution for 15, 30, 60 and 120 min at 50°C 

in a closed glass beaker. After a certain time of solvent exposure, the PI sample was fixed 

between two chambers of the etching cell and asymmetrically etched with NaOCl until the 

breakthrough current was detected (Figure A 24). The evaluation of the breakthrough moment 

in dependence of the DMF-treatment time showed that a solvent exposure of 1 h led to the 

highest decrease of the etching time (Figure 51).  
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Figure 51: Breakthrough moment during asymmetrical track-etching with NaOCl solution at 50°C in 
dependence of the DMF-pretreatment duration. 

A short solvent exposure (<1 h) extended the breakthrough moment, while longer 

solvent exposure (>1 h) did not have beneficial effects on the etching process. A possible 

explanation could be that the swelling in DMF is the dominant parameter for shorter exposure 

times. As soon as the swelling reaches the equilibrium, only the removal of loose and damaged 

material in the latent tracks affects the accessibility of the etching solution. 

 

4.2.1.2.  Fabrication of Single-Nanochannel Membranes using Solvent-Pretreatment  

The effect of solvent-treatment on the track-etching of single ion irradiated PI 

membranes was investigated. PI foils were exposed to DMF solution for 1 h at 50°C, and etched 

with NaOCl solution (50°C) under symmetrical (Figure 52 (a)) and asymmetrical (Figure 52 

(b)) etching conditions. Subsequently, the transmembrane permeation was analyzed 

performing I-V measurements with a 0.1 M aqueous KCl electrolyte solution (pH 7). The 

measured I-V curves of symmetrically and asymmetrically etched PI membranes are given in 

Figure 52 (b) and (d). The linear I-V curve in Figure 52 (b) indicates a cylindrically shaped 

nanochannel. Using Eq. 3, the rectification ratio at 2 V was calculated. With r = 0.97, no 

significant selective transport of anions or cations occurred and the membrane showed ohmic 

transport behaviour. The asymmetrically etched polymer membrane showed an I-V curve with 

diode-like characteristics and a rectification ratio of r = 29.13, indicating a cation selectivity. 

Symmetrical and asymmetrical etching with NaOCl was also performed with PI samples 

after THF-treatment for 1 h at 50°C (Figure A 25). Again, the I-V curve of the symmetrically 

and asymmetrically etched samples showed a linear and diode-like behavior with r = 1.10 and 

r = 19.55, respectively. The track-etch rate vt
solvent was determined in dependence of the 

breakthrough moment. In case of DMF- and THF-treatment, the track-etch rate was vt
DMF ≈ 

334 nm min-1 and vt
THF ≈ 444 nm min-1, respectively. 
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Figure 52: Etching characteristics (left) and I-V curves (right) of single ion irradiated PI membranes. (a) 
Symmetrical and (c) asymmetrical etching with NaOCl after 1 h DMF-treatment at 50°C, and (b and d) 
the corresponding I-V curves with 0.1 M KCl electrolyte solution. 

These experiments show that the two-step approach using solvent exposure as a 

pretreatment step for NaOCl-promoted track-etching enables the fabrication of single 

nanochannels of various shapes. Furthermore, the breakthrough moment is reached much faster 

than with pure NaOCl solution and the velocity of the current increase due to the growth of the 

channel diameter is comparable to the case of PET etching. This makes the generation of 

asymmetrically shaped nanochannels with a small tip opening more controllable, and permits 

the fabrication of membranes with reproducible geometry and transmembrane current 

characteristics. 
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4.2.2. Track-Etching of Single Ion Irradiated PI Membranes with NaOCl / Solvent 
Mixtures 

Etching experiments were performed to fabricate single nanochannels in PI membranes 

(no UV-sensitization) by using NaOCl / ACN and NaOCl / THF mixtures. In the first experiment, 

the effect of symmetrical and asymmetrical solvent exposure on the asymmetrical track-etching 

was examined. Here, the PI foil was fixed between two chambers of the etching cell that were 

filled with the etching and stopping solution. The etchant was a 9:1 mixture of NaOCl and ACN, 

while the stopping solution was either 1 M KI solution (asymmetrical solvent exposure) or a 9:1 

mixture of 1 M KI and ACN (symmetrical solvent exposure). The etching curves in Figure 53 

show that the breakthrough point was reached much faster (after ~40 min) for the case of 

symmetrical than for asymmetrical solvent exposure (after ~100 min).  

 

Figure 53: Etching curves of single ion irradiated PI membranes under asymmetrical etching conditions at 
50°C. Under symmetrical ACN exposure, 9:1 etching solution (NaOCl) and 9:1 stopping solution (1 M KI) 
with ACN were used. Under asymmetrical ACN exposure, only the etchant was a 9:1 NaOCl / ACN mixture, 
while the stopping solution did not contain any organic solvent. 

Symmetrical solvent exposure might cause a faster and more symmetrical swelling of 

the polymer and make the latent tracks more vulnerable to the chemical etching. Furthermore, 

the higher amount of the organic solvent in the etching set-up could increase the removal of 

the dissolved material to form the nascent nanochannel faster. The fact that the etching time 

until the breakthrough point was 2.5 times longer for asymmetrical ACN exposure suggests that 

the presence of organic solvent on both sides of the polymer is crucial to achieve a dramatic 

increase of the track-etch rate. 

Further etching experiments were performed with NaOCl / ACN and NaOCl / THF under 

symmetrical solvent exposure, and the membranes were characterized in I-V measurements 

with 0.1 M KCl electrolyte solution. Figure 54  shows the etch curves and the corresponding I-

V curves of two single ion irradiated PI samples prepared either by using 9:1 mixture of NaOCl 

/ ACN or NaOCl / THF under asymmetrical etching conditions. 
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Figure 54: Asymmetrical etching of single ion irradiated PI membranes using 9:1 NaOCl / solvent mixtures 
at 50°C. Etching characteristics (left) and I-V curves (right) of two samples prepared with (a and b) NaOCl 
/ ACN and (c and d) NaOCl / THF. 

For asymmetrical etching with 9:1 NaOCl / ACN, both samples showed a current 

increase due to the breakthrough after ~40 min with vt
NaOCl/ACN ≈ 300 nm min-1 (Figure 54 (a)). 

The comparable etching time and transmembrane current when the etching process was 

stopped resulted in almost reproducible I-V curves with rectification ratios r1 = 30.98 and r2 = 

19.40 (Figure 54 (b)). It is important to mention that a reduction of the etching time after the 

breakthrough moment would reduce the transmembrane current value in the I-V measurements 

and increase the rectification ratio due to the fabrication of a smaller tip opening. Under 

symmetrical etching conditions (Figure A 26), the breakthrough occurred after ~25 min 

(vt
NaOCl/ACN ≈ 240 nm min-1) and the generated nanochannel led to an ohmic transmembrane 

ion permeation with r = 0.98. 
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For the case of 9:1 NaOCl / THF, minor deviation of the breakthrough moment occurred 

under asymmetrical etching conditions (Figure 54 (c)). The deviation of the etching times (t1 

≈ 46 min with vt
NaOCl/THF ≈ 260 nm min-1, t2 ≈ 51 min with vt

NaOCl/THF ≈ 235 nm min-1) caused 

slightly different I-V curves (Figure 54 (d)) and smaller rectification ratios r1 = 11.72 and r2 = 

7.55 compared to the NaOCl / ACN etching. Under symmetrical etching conditions, the 

breakthrough moment (t ≈ 24 min with vt
NaOCl/THF ≈ 250 nm min-1) was comparable with NaOCl 

/ ACN symmetrical etching (Figure A 27). Additionally, I-V measurements with 0.1 M KCl 

showed an almost linear I-V curve with r = 0.93 indicating an equal anion and cation 

permeation across the membrane.  

Using the bulk-etch rates of the 9:1 NaOCl / solvent mixtures (vb
NaOCl/ACN = 28 nm       

min-1 and vb
NaOCl/THF = 54 nm min-1) and the specific conductivity  = 1.284 S m-1 for 0.1 M KCl 

at 25°C, the base diameter D and the tip diameter d were calculated using Eq. 7 [170]. The 

calculated channel diameters for the samples fabricated in asymmetrical track-etching with 

NaOCl / ACN and NaOCl / THF (9:1) mixtures are given in Table 9. 

Table 9 Calculated base (D) and tip (d) diameters of asymmetrically etched PI membranes using (9:1) 
NaOCl / solvent mixtures. D was calculated with the vb values of the etching solutions and the etching 
time. d was obtained using Eq. 7 with the current values at + 0.1 V from I-V measurements with 0.1 M 

KCl ( = 1.284 S m-1).  

 D (nm) d (nm) 

9:1 NaOCl / ACN sample 1 1232 23 

sample 2 1148 24 

9:1 NaOCl / THF sample 1 2538 18 

sample 2 3024 40 

 

In summary, both etchant mixtures enabled the generation of asymmetrically shaped 

nanochannels with a remarkable ion current rectification and cation selectivity. Furthermore, 

comparing the etching process with pure NaOCl solution (Figure 50 (b)), the etching time was 

reduced dramatically and a controllable fabrication of reproducible transmembrane currents 

was achieved. The calculated track-etch rates are comparable with the results presented in 

CHAPTER III section 3. The minor deviations from the avarage values could be caused by different 

polymer structures (amorph, cristalline) of the latent tracks, minor differences of the polymer 

thickness and slitely different starting point of the monitoring of the etching process due to the 

manual handling.  

In CHAPTER III section 3, the effect of the etchant composition on the channel diameter 

in dependance of the bulk-etch rate was presented. Asymmetrical track-etching with NaOCl / 

solvent mixtures of varying compositions was performed in order to analyze the effect of higher 

organic solvent amounts on the track-etch rate. Increasing the ACN volume from 10% to 20% 
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caused a broader distribution of the breakthrough moments to the point of longer etching times 

(Figure 55 (a)). Moreover, the shape of the etching curve was harder to interpret because of 

irregularity probably due to the formation and blockage of lacks in the transmembrane area 

promoted by swelling effects. Additionally, due to the reduction of active chlorine in the etching 

solution, the etching process to form the nascent nanochannel was prolonged. This makes the 

generation of asymmetrically shaped nanochannels with reproducible transmembrane currents 

and rectification ratios (r1 = 15.24, r2 = 11.89, r3 = 5.37) difficult (Figure 55 (b)). A further 

increase of the ACN volume up to 30% reinforced these negative effects (Figure A 28). All in 

all, no improvements in terms of higher track-etch rate and reproducible nanochannel 

fabrication were observed by increasing the ACN volume in the NaOCl and KI / solvent mixture. 

 

Figure 55: (a) Etching curves and (b) I-V curves in 0.1 M KCl for asymmetrically etched single ion irradiated 
PI membranes using a 8:2 NaOCl / ACN etchant mixture at 50°C.  

For the case of NaOCl and KI / THF mixtures, an increase of the THF volume up to 20% 

and 30% (Figure 56) led only to a minimal reduction of the etching time until the breakthrough 

point was detected. For a THF volume of 20%, the samples reached the breakthrough at the 

same time as the samples prepared with 10% THF solutions (Figure 56 (a)). However, the I-V 

measurements with 0.1 M KCl solution (Figure 56 (b)) showed transmembrane currents with 

reduced rectification ratios (r1 = 1.73, r2 = 2.52). For 30% THF, the breakthrough was reached 

about ~10 min earlier than with 10% THF solutions. Furthermore, the measured I-V curves 

provided rectification ratios of r1 = 14.75 and r2 = 10.26. In case of THF, an increased organic 

solvent volume supported the track-etching process and allowed the generation of 

asymmetrically shaped nanochannels with higher cation selectivity. The reduction of active 

chlorine had less effect on the etching time until breakthrough compared to the etching with 
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NaOCl / ACN mixture. As determined, the bulk-etch rate for NaOCl / THF is higher than for 

NaOCl / ACN. This makes the damaged material of the latent track deep inside of the bulk 

material more accessible for the chemical cleavage. The faster accessibility could compensate 

the slower chemical reactions due to a reduced active chlorine concentration and accelerate the 

nanochannel formation. 

 

Figure 56: Etching curves (left) and I-V curves in 0.1 M KCl (right) for asymmetrically etched single ion 
irradiated PI membranes using a (a and b)  8:2 and (c and d) 7:3  NaOCl / THF etchant mixture at 50°C.  

Comparing the results for asymmetrical etching with NaOCl / ACN and NaOCl / THF 

mixtures, the 9:1 NaOCl / ACN mixture led to the fastest etching process. In addition, the 

generation of nanochannels with higher rectification ratios and cation selectivity as well as 

reproducible transmembrane currents was achieved. 
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4.3.  Conclusion 

In this study, the role of organic solvents in the fabrication of single nanochannel PI 

membranes was demonstrated. A reduction of the nanochannel fabrication time compared to 

chemical track etching with NaOCl solution was achieved either by using organic solvent 

exposure at 50°C (pretreatment step before track-etching) or by using the solvent as an additive 

in the NaOCl etching solution.  

When using solvent (e.g. DMF, THF) exposure as a pretreatment step, the breakthrough 

point was reached much faster than without solvent-treatment. A variation of the exposure time 

between 15 min and 2 h showed that after 1 h of solvent-treatment the maximum reduction of 

the etching time is reached. Chemical track-etching of DMF- and THF-treated PI membranes 

with NaOCl solution under symmetrical or asymmetrical conditions produced nanochannels 

with a linear or diode-like transmembrane current, respectively. While symmetrically etched PI 

membranes showed equal permeation of anions and cations, asymmetrically etched samples 

were characterized by a remarkable cation selectivity with rectification ratios of r = 29.13 

(DMF-treatment) and r = 19.55 (THF-treatment). 

In the case of chemical etching with NaOCl / solvent mixtures, a reduction of the etching 

time until breakthrough was determined. Like in the two-step approach using solvent-

pretreatment, etching under symmetrical or asymmetrical etching conditions generated 

nanochannels with a linear or diode-like transmembrane current. Asymmetrical etching with 

9:1 NaOCl /ACN generated a single nanochannel with an ion current rectification of r = 30.98. 

These results show that the implementation of organic solvent in the track-etching process with 

NaOCl is possible for PI samples of various track densities to fabricate nanochannels of different 

shapes. This opens up new opportunities in the fabrication of nanoporous polyimide-based 

devices for different fields of applications. 

 



 

           83 

CHAPTER IV: NANOCHANNEL FUNCTIONALIZATION - EFFECT 

OF CATIONIC PAMAM DENDRIMERS ON THE ION 

CONDUCTIVITYIV  

 

1.  Introduction 

The sensing performance of nanochannels is based on the analyte permeation across the 

polymer membrane. Electrostatic and (bio)molecular interactions between translocating 

analytes and fixed moieties on the nanochannel surface significantly affect the transmembrane 

flow. Besides the nanochannel geometry and dimensions, channel surface charges act as a key 

tool in order to manipulate the permeation of ions to create a sensitive and selective sensing 

device. Fixed charges at the channel surface play an important role in ionic selectivity, and also 

in sensing processes when the internal channel volume is in the order of the ionic analyte size. 

Nanochannels display ionic selectivity due to the attachment of charged groups to their walls. 

Thus, ions with opposite charge permeate across the membrane, while the passage of counter 

ions is hindered [91, 118, 171]. Ionic discrimination can be increased when the surface 

                                                

 

IV Parts of this section have been published beforehand in: Froehlich K, Ali M, Ramirez P, Cervera J, Garcia-Morales V, Erdmann M 

and Ensinger W 2021 Effect of Cationic Polyamidoamine Dendrimers on Ionic Transport through Nanochannels Electrochim. Acta 

367 137263. 
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potential is high and the channel radius is in the range of the Debye length of the electrolyte, 

typically on the nanometer scale [172, 173]. In addition, the detection limit of a nanochannel-

based sensor depends not only on the analyte concentration and the availability of charged 

moieties on the channel walls, but also on the distribution and density of fixed surface charges 

[174–176]. The chemical modification of functional groups on the nanochannel walls allows to 

control the transmembrane analyte transport.  

Chemical functionalization is used to design very sensitive and selective nanochannel-

based sensors. A large variety of functional groups has been reported to modify polymeric 

nanochannels for specific applications. Most of these moieties were small molecules with little 

influence on the surface charge density. However, larger structures were also used for surface 

functionalization, for example proteins, polymers and hydrogels [53, 54, 105, 174, 177, 178]. 

The deposition of polymer chains increases the charge density in nanochannels significantly. 

However, so far, only linear and branched polymers have been used for nanochannel 

functionalization, depositing monolayer, brush and layer-by-layer assemblies to tailor the 

surface charges. After a large number of successfully-linked linear functional moieties on 

synthetic nanochannels was reported, the channel modification using higher branched, three-

dimensional compounds is in the focus of interest. For this purpose, dendrimers are particularly 

suitable. Dendrimers are spherical, highly branched, nanoscale polymeric architectures with a 

very high density of surface groups. Polyamidoamine (PAMAM) is one of most studied 

dendrimers, composed of amidoamine monomer units, branching out from an ethylenediamine 

(EDA) core. Dendrimer molecules of the same class are distinguished by their generation (G), 

where the addition of monomer units to the functional groups on the dendrimer surface creates 

the next generation. In case of PAMAM with primary amino functional end groups, each 

additional generation results in doubling the number of amines on the molecule surface, 

starting from 4 (G0) to 8 (G1), 16 (G2) and 32 (G3). Their internal cavities allow the 

encapsulation of guest molecules and the effective conjugation of various analytes to the surface 

functional groups enable the application of  PAMAM dendrimers in different fields, such as drug 

delivery, gene therapy and chemical separation [179–182]. 

Uniformity at the molecular level and a high controllability of the molecular structure 

and properties make dendrimers highly attractive nanomaterials for application not only in 

solution, but also on solid surfaces as monolayer or multilayer dendrimer films [183, 184]. The 

first example of covalent attachment of PAMAM dendrimers to a solid surface was reported by 

Crooks and coworkers, accomplished by the formation of amide bonds between the amino 

groups of the PAMAM dendrimer and the carboxyl groups of a self-assembled monolayer of 

mercaptoundecanoic acid on gold [184]. Some studies reported the dendrimer deposition on 
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glass or silicon surfaces or their use to modify surface properties of various polymeric substrates 

[183, 185]. Other publications describe for example PAMAM G4 modified nanopipettes used 

for DNA sensing or the interaction between PAMAM G1 and the protein nanopore α-hemolysin 

[182, 186].  

In this study, the successful functionalization of conical and cylindrical PET 

nanochannels with PAMAM dendrimers G0 to G3 is presented. The deposition of new moieties 

on the nanochannel walls was detected through I-V measurements and mass transport 

experiments [187]. 

2. Results and Discussion 

To analyse the effect of surface charge density on the ion permeation across the 

membrane, single and multi-nanochannel PET membranes were functionalized using five 

functional amine molecules: EDA and the generations G0 to G3 of PAMAM dendrimers. The ion 

permeation was characterized by I-V and mass transport experiments. 

 

2.1.  Surface Functionalization with EDA and PAMAM Dendrimers 

Symmetrically or asymmetrically track-etched PET membranes contain cylindrically or 

conically shaped nanochannels with carboxylic acid groups on the inner walls. These groups 

are negatively charged under physiological conditions and, hence, unmodified nanochannels 

show cation selectivity. Functionalization of the channel surface with EDA and PAMAM 

dendrimers deposits and increases the surface density of primary amino groups per functional 

unit with increasing molecule size. Characterization experiments were carried out at pH 5.5 ± 

0.1, using phosphate buffer solution, so all primary amino groups were expected to be 

protonated and show anion selectivity [187].  

The modification of the nanochannel surface through EDC / PFP coupling chemistry 

leads to a reduction of the channel diameter as a function of the dendrimer size. Since the 

linkage of the dendrimer molecules during the coupling process takes place between the 

primary amino groups of the analyte molecules and the carboxyl groups on the nanochannel 

surface only, the surface functionalization results in a dendrimer monolayer with a thickness 

depending on the dendrimer molecule size. In case of PAMAM, the molecule diameter can 

change in dependence of the pH value for higher dendrimer generations due to charge repulsion 

of charged end groups [187]. For PAMAM G0 – G3, this effect is negligible. Regarding to this, 
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the nanochannel diameter is reduced by two dendrimer molecule diameters. In case of G0 it is 

around 2.8 nm, G1 3.8 nm, G2 5.2 nm and G3 7.2 nm [188]. 

 

2.1.1.  I-V Curves of a Conically Shaped Single-Nanochannel Membrane 

The effect of surface functionalization on the ion transport properties of the 

nanochannels was investigated by measuring their transmembrane current in 0.1 M KCl under 

ambient conditions, and comparing it with the I-V curves of the unmodified nanochannels 

(Figure A 29). Electrochemical ion transport characterization was performed using a single 

conical-shaped nanochannel to avoid averaging of signals caused by multichannel membranes 

and to achieve high sensitivity.  

Unmodified nanochannels showed cation selectivity (r > 1) and EDA / PAMAM 

modified nanochannels showed anion selectivity (r < 1). The functional groups differed in size 

and number of primary amino groups, having otherwise the same structure. The inversion of 

the surface charge density due to the functionalization induced a reversal of the I-V curves and 

ion current rectification (Figure 57 and Figure A 29). By increasing the surface charge density, 

a higher anion selectivity due to stronger electrostatic interactions between the ions and the 

positively charged surface moieties was achieved. The anion selectivity was calculated taking 

the inverse value of the ion current rectification. Thus, the anion selectivity was 
1

𝑟
 =  3.70 for 

EDA-modified nanochannels, and 
1

𝑟
 increased to 6.78, 8.48 and 9.48 for PAMAM G0, G1 and 

G2. The inversed rectification ratio for PAMAM G3-modified nanochannels was 
1

𝑟
 = 9.34, i.e., 

slightly smaller than for PAMAM G2. The steric hindrance of longer PAMAM chains could lead 

to a reduction of the surface charge density.  

A direct comparison of the I-V curves of different polymer membranes is not possible 

because slightly varying conditions during the etching process make each conical nanochannel 

unique. Rather, the measured currents I (I-V curves of unmodified and modified PET 

membranes) must be normalized using the transmembrane current value of the unmodified 

nanochannel at +2 V (I0 (+2 V)) as a reference. The normalized currents In were calculated with 

Eq. 11. The normalized I-V curves are shown in Figure 57 (a). 

 
𝐼𝑛 =  

𝐼

𝐼0(+2 𝑉)
 

Eq. 11 

Unmodified nanochannels showed similar normalized I-V curves. Hence, only one curve 

is shown in Figure 57 (a). At +2 V, the cation permeation was reduced from I0
n = 1 to 

approximately In ≈ 0.1 for EDA and PAMAM G0 and to In ≈ 0.2 for PAMAM G1, G2 and G3. 
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Longer growing PAMAM chains form bigger cavities where cations can pass the channel with 

less electrostatic hindrance due to the same polarity, which could explain the small rise for 

PAMAM G2 and G3 compared to EDA and PAMAM G0. At -2 V, the ion current In was 2.5 times 

larger than I0
n for the EDA case. The transmembrane current |In| at -2 V was caused by anions 

and increased with growing number of primary amino groups from 0.4 for EDA to 0.5, 1.7, 1.5 

and 1.6 for PAMAM G0, G1, G2 and G3, respectively. On the one hand, the surface density of 

positively charged amino groups and the anion selectivity increased. On the other hand, the 

growing size of the deposited dendrimer led to steric repulsion of neighboring dendrimer 

molecules. This steric hindrance during and after surface functionalization may cause a lower 

density of charged functional groups, which affects the anion selectivity.  

 

Figure 57: (a) Normalized I-V curves of single conical nanochannels, (b) inversed rectification ratio 
1

𝑟
=

|𝐼(−2 V)|/𝐼(+2 V), and (c) the relative increase ∆𝐼rel(−2 V) of the anionic current due to the surface 
functionalization with increasing number of primary amino groups per functional unit. 

  The inversed rectification ratio of the functionalized nanochannels increased with the 

number of primary amino groups per functional unit (Figure 57 (b)). For unmodified 

nanochannels with cation selectivity, the current I0 at -2 V was mainly generated by cations 

moving from base to tip. For modified nanochannels with anion selectivity, the current I at -2 V 

resulted from anions permeating from tip to base. The current difference I – I0 at -2 V can be 

attributed to the anion transport due to the nanochannel functionalization. The relative current 

increase ∆𝐼rel after surface modification can be interpreted as the fraction of the current mainly 

generated by anions, and calculated using Eq. 12. 

 
∆𝐼rel =  

𝐼 − 𝐼0

𝐼
 

Eq. 12 
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The quantity ∆𝐼rel increased in dependence of the rising number of primary amino 

groups per functional unit (Figure 57 (c)). Functionalization with EDA led to ∆𝐼rel = 75% at 

- 2 V. This quantity increased to ∆𝐼rel = 80% for PAMAM G0 and reached the maximum ∆𝐼rel = 

90% for PAMAM G2. For PAMAM G3, ∆𝐼rel was slightly smaller than for PAMAM G2, which 

could come from a reduction of the surface charge density in the case of higher generation 

dendrimers because of steric hindrance. 

 

2.1.2.  Analyte Diffusion through Cylindrically Shaped Multichannel Membranes 

Analyte permeation experiments for characterization of track-etched membranes were 

performed using a pseudo-automated set-up. Automated measurements of mass transport 

prevent errors coming from manual handling, volume loss resulting in dilution errors and 

permit the detection of signal changes in UV/vis spectra in very short time scales allowing a 

very precise determination of analyte diffusion rates. 

The permeate cell was connected to the flux-cell cuvette placed in the detection chamber 

of a UV/vis spectrophotometer. The time-resolved detection of the analyte permeation was 

achieved by the interposition of a peristaltic pump to obtain a constant circulation of permeate 

solution. The transport measurements were collected in adjustable time steps by starting the 

UV/vis detection manually.  

In the first step, the calibration curve for known organic analyte concentrations was 

recorded (Figure A 30). For the calibration of positively charged methyl-viologen (MV2+) and 

negatively charged 1,5-naphthalene disulfonate (NDS2-) maximum absorbance was obtained at 

a wavelength (λmax) of 257 nm and 288 nm, respectively. Using Lambert-Beer’s equation, the 

unknown analyte concentration in the permeate solution was determined from the calibration 

curve. 

Diffusion experiments through PET membranes having 107 cm2 cylindrical 

nanochannels with a diameter of ~100 nm were performed before and after the channel surface 

functionalization with PAMAM dendrimers (Figure A 31). Each functionalization was 

performed at least three times to ensure the reliability of its effect on the transport of charged 

analytes. Using the linear equation from the calibration curve and absorbance at λmax of MV2+ 

and NDS2- for each diffusion step, the analyte permeation rate was calculated from the linear 

regression of their slope. The UV/vis spectra and the linear regressions of the analyte 

permeation rate are presented in Figure A 32 - Figure A 35. 

The UV/vis spectra in Figure 58 (a) and (b) of MV2+ and NDS2- after 6 min diffusion 

show the change in the signal intensity caused by surface functionalization with PAMAM G3. 
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The channel modification induced absorbance change was used to evaluate the diffusion flux. 

For short diffusion times, the concentration difference between feed and permeation cells was 

approximately constant. As expected from Fick’s law, the time-resolved permeation showed a 

linear dependence with time of the amount of analyte that has translocated across the 

membrane (Figure 58 (c)). Diffusion times beyond 10 min resulted in the MV2+-case signal 

intensities above 2 and reached the limit of applicability of the Lambert-Beer law. 

 

Figure 58: Effect of PAMAM G3 modification on the diffusion fluxes of charged MV2+ and NDS2- through 
PET membranes having 0.5∙107 cylindrical nanochannels (d ≈ 100 nm) compared to unmodified 
nanochannels. UV/vis absorption spectra of (a) MV2+ and (b) NDS2- after 6 min of diffusion. (c) Amounts 
of MV2+ and NDS2- that have diffused across the membranes as a function of time. (d) Comparison of the 
transported analyte amounts after 6 min diffusion before and after functionalization. 

The diffusion flux f of MV2+ through unmodified nanochannels was f = 0.468 M cm-2 

s-1 and decreased to f = 0.359 M cm-2 s-1, while the diffusion flux of NDS2- increased from f = 

0.321 M cm-2 s-1 to f = 0.406 M cm-2 s-1 after nanochannel modification with PAMAM G3 
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(Figure 58 (d)). These results are in agreement with the well-known fact that the diffusion 

coefficient of an electrolyte, such as (MV)Cl2 and Na2(NDS), through a charged nanochannel is 

approximately that of the counter ion. In the case of unmodified nanochannels with cation 

selectivity, the counter ion is Cl for (MV)Cl2 and NDS2- for Na2(NDS). In the case of amino-

functionalized nanochannels with anion selectivity, the counter ions are MV2+ and Na+.  Since 

MV2+ has a smaller diffusion coefficient than Cl, the diffusion flux of (MV)Cl2 should be smaller 

through the anion-selective nanochannel, in agreement with experimental observations. 

Likewise, since Na+ has a larger diffusion coefficient than NDS2, the diffusion flux of Na2(NDS) 

should be larger through the anion-selective nanochannel than through the unmodified 

nanochannel.  

In order to compare the effects of the different functionalizations, a benchmark at 6 min 

diffusion time was set to calculate the ratios of the flux through modified and unmodified 

membranes fPAMAM / f0 (Figure 59). In the case of the positively charged analyte (MV2+), fPAMAM 

/ f0 are 0.64 for G0, 0.46 for G1, 0.38 for G2 and 0.77 for G3. In the case of the negatively 

charged analyte (NDS2-), fPAMAM / f0 are 1.27 for G0, 1.72 for G1, 2.07 for G2 and 1.27 for G3. 

These results agree with the prediction that a surface functionalization that changes 

unmodified, cation-selective nanochannels into anion-selective nanochannels leads to a 

decrease of the diffusion coefficient of (MV)Cl2 and to an increase of the diffusion coefficient of 

Na2(NDS) through the nanochannels.  

 

Figure 59: Diffusion fluxes, normalized to the flux f0 through the unmodified membrane, of (a) MV2+ 
dichloride and (b) disodium NDS2- through membranes with 0.5∙107 cylindrical nanochannels (d ≈ 100 nm) 
after modification with PAMAM dendrimers G0 - G3. The fluxes have been evaluated from the observed 
concentration changes after 6 min diffusion. 

These results are in good agreement with the previous conclusions drawn from the I-V 

measurements (Figure 57): the positive surface charge density on the functionalized 

nanochannels rised with the dendrimer generation for PAMAM G0, G1 and G2, as expected 

from the increased number of primary amino groups per moiety. However, the surface charge 



 

           91 

density of the nanochannels modified with PAMAM G3 was smaller than for G2-modification. 

In fact, PAMAM G0 and G3 had quite similar effects on the diffusion fluxes of (MV)Cl2 and 

Na2(NDS) (Figure 59). 

Since the nanochannels used in the diffusion experiments and in the I-V measurements 

differed in shape and channel diameter, the effects of PAMAM dendrimers should be 

independent of the nanochannel geometry. Instead, the ion transport properties of the 

functionalized nanochannels are sensitive to the size and geometry of the deposited dendrimer, 

which mainly determine the charge density on the nanochannel surfaces. 

 

2.2.  Electrostatic Adsorption of Dendrimers 

As shown in the previous sections, the density of fixed surface charges on the 

nanochannel walls has significant influence on the ion permeation across the polymer 

membrane. However, the charge density of the analyte is another factor that can affect the 

analyte flow through the nanochannel with a surface net charge. With increasing number of 

charged functionalities in the analyte molecular structure, the electrostatic interaction between 

translocating ions and the nanochannel walls increases and can lead to the analyte deposition 

on the channel surface due to strong electrostatic forces. 

To study the effect of the physical adsorption of dendrimers on the ion transport 

properties of the unmodified, single conical nanochannel, I-V curves were recorded in mixed 

electrolyte solutions containing 0.1 M KCl and PAMAM dendrimers in concentrations ranging 

from 1 nM to 1 mM at pH 5.5. Under these conditions, the unmodified nanochannels are cation 

selective and the dendrimers are positively charged, so that their physical adsorption could be 

expected to reduce the cation selectivity or generate anion selectivity. 

 For the case of symmetrical electrolyte conditions, the nanochannel is exposed to the 

KCl electrolyte solution containing various concentrations of dendrimers on both sides (Figure 

60). A reduction in the cation selectivity with increasing PAMAM concentration was observed 

for all dendrimer generations. Figure 60 (a) shows at +2 V a current decrease with rising G0 

concentration. Its value for 1 mM was approximately half of pure KCl solution (0 mM 

dendrimer). PAMAM G1 and G2 (Figure 60 (b) and (c)) concentrations below 100 M did not 

affect I(+2 V). The reduction of I(+2 V) was ~25% and ~50% for 100 M PAMAM G1 and 

G2, respectively. PAMAM G3 concentrations below 1 M did not affect I(+2 V) as shown in 

Figure 60 (d). The reduction of I(+2 V) was ~65% for 1 μM G3. Concentrations of G3 higher 

than 10 μM caused a dramatic decrease of the current values at +2 V and -2 V, which may 

indicate that its electrostatic adsorption on the nanochannel surface blocked the nanochannel 
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openings or caused steric hindrance. The effect of dissolved PAMAM G0 on |I(-2 V)| was 

negligible at all concentrations. In case of G1, the current |I(-2 V)| increased with growing 

concentration. For 1 mM G2, the I-V curve showed an inversion of the rectification (r = 0.39), 

which indicates a polarity reversal of the surface charges due to physical adsorption of the 

dendrimers on the nanochannel walls. In case of G3, |I(-2 V)| was maximum for 10 M 

dendrimer concentration, with an increase of almost 150% with respect to absence of G3 in 

solution. However, no rectification inversion was observed (r = 1.99). 

 

Figure 60: I-V curves of unmodified, single conical nanochannels in mixed solutions of 0.1 M KCl and 
varying concentrations of (a) G0, (b) G1, (c) G2 and (d) G3 PAMAM dendrimers under symmetrical 
electrolyte conditions. 

Under asymmetrical electrolyte conditions, the base of conical nanochannel was 

exposed to the 0.1 M KCl solution, while the tip was in contact with the KCl / dendrimer 

mixture. The I-V curves are shown in Figure 61.  
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Figure 61: I-V curves of unmodified, single conical nanochannels in mixed solutions of 0.1 M KCl and 
varying concentrations of (a) G0, (b) G1, (c) G2 and (d) G3 PAMAM dendrimers under asymmetrical 
electrolyte conditions. 

The effect of the dendrimer in solution on the transmembrane current was smaller for 

V > 0 than for V < 0. The reduction of I(+2 V) due to PAMAM G0 (Figure 61 (a)) was significant 

for concentration ≥ 10 M. PAMAM G1 (Figure 61 (b)) did not have any influence on the current 

for V > 0, and the effect of G2 and G3 on I for V > 0 was noticeable only at 1 mM (Figure 61 

(c) and (d)). On the contrary, G1 and G2 significantly increased the current values for V < 0. 

PAMAM G0 showed no significant influence on I(-2 V). The shape of the I-V curve changed from 

the typical diode-like to “S”-shaped (with lower conductance at lower absolute values of the 

voltage) in the presence of PAMAM G1 (1 mM), G2 (100 M) and G3 (100 M). This curve 

shape indicates the electrostatic adsorption of dendrimers on the nanochannel tip, resulting in 

positively charged functional groups on the nanochannel surface, while the base of the conical 

nanochannel still carries negatively charged carboxyl groups. Such two oppositely charged 
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nanochannel regions cause a non-linear cation and anion transport across the nanochannels. 

High potentials support the ion flow, reducing the influence of electrostatic repulsion of ions 

and surface charges by increasing the electrostatic attraction between electrodes and counter 

ions. I-V measurements with 0.1 M KCl solution showed that the electrostatic interaction 

between PAMAM G3 and the nanochannel surface is strong enough to irreversibaly deposit the 

dendrimer molecules on the channel surface without surface activation with EDC / PFP (Figure 

A 36). 

  Under symmetric and asymmetric conditions at pH 5.5, the rectification ratio increased 

with increasing dendrimer concentration and dendrimer generation (Table A 4). To investigate 

the rectification ratio for uncharged PAMAM molecules in the electrolyte solution, a control 

experiment was performed at pH 10 (Figure A 37). Under these conditions, electrostatic 

interactions between the negatively charged nanochannels and the uncharged dendrimer 

molecules could be excluded. I-V measurements were performed with 0.1 M KCl electrolyte 

with varying amounts of PAMAM G0 and G3 dendrimer under symmetrical and asymmetrical 

electrolyte conditions (Figure A 37). In case of PAMAM G0, the effect of the dendrimer on the 

transmembrane current at V > 0 and V < 0 was negligible under symmetrical as well as under 

asymmetrical conditions. In case of PAMAM G3, a minimal reduction of |I(-2 V)| and a 

significant reduction of I(+2 V) was observed. For V > 0, the I-V curves show a dramatic 

decrease of the transmembrane current for concentrations ≥ 100 M under symmetrical and 

asymmetrical electrolyte conditions, probably due to steric hindrance effects at the channel 

openings. However, although the cation selectivity of the unmodified nanochannel was reduced 

with increasing dendrimer concentration, no inversion of the ion current rectification was 

observed. This indicates that no dendrimer absorption takes place at pH 10.  

3. Conclusion 

This study demonstrated the effect of surface charge density on the transport behavior 

of conical and cylindrical track-etched nanochannels in PET membranes. The investigations 

were performed by using PAMAM dendrimers of the generations G0 – G3, which were either 

dissolved in the KCl electrolyte solution or chemically linked to the nanochannel surface. The 

experimental results showed that the functionalization with dendrimers reduces the cation and 

increases the anion fluxes across the nanochannels. Here PAMAM G2 caused the strongest 

changes on the ion permeation across the membrane compared to the unmodified 

nanochannels. The effect of the functionalization with PAMAM dendrimers turned out to be 

independent of the nanochannel shape and diameter. Hence, it is possible to control the 
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transmembrane ion current and mass transport not only by changing the surface polarity or 

channel diameter, but also by varying the surface charge density and distribution of PAMAM 

dendrimers of different generations. These results give new insights into the importance of the 

density and distribution of fixed charges on nanoscale surface materials. The functionalization 

of nanochannel-based devices with dendrimers opens up new opportunities in sensing, 

separation and storage applications. 
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CHAPTER V: IONIC CONDUCTION IN AQUEOUS AND NON-

AQUEOUS ELECTROLYTESV 

 

1.  Introduction 

The ionic selectivity and conductivity of nanoporous membranes are regulated by the 

interfacial zone at the liquid / solid interface in confined geometries. The nanochannel surface 

charges generated by ionized functional groups or surface dipoles induce an interfacial polar 

region (electrical double layer), which controls the transport properties such as ionic selectivity 

and conductivity [91, 132, 189, 190]. Biological ion channels for example based on α-hemolysin 

that are embedded in lipid bilayers have become a model system to study ion transport at the 

nanoscale, but the fragility of the lipid layer limits practical applications [191–193]. On the 

other hand, biomimetic synthetic nanochannels exhibit both chemical and mechanical stability 

under various working conditions [91, 194–196]. Moreover, the nanochannel geometry and 

dimensions as well as the chemical characteristics can be tuned on demand for different 

applications [145, 194, 197, 198].  

Usually nanoporous membranes are used under aqueous conditions. More recently, the 

transmembrane ion / mass transport has also been investigated in the cases of ionic liquids, 

organic solvents and mixed organic solvent / water electrolytes [45, 199–202]. For instance, 

Yin et al. have reported current rectification inversion in glass nanopipettes due to the 

adsorption of tetraphenylarsonium cations on the pipette surface under organic electrolyte 

                                                

 

V Parts of this section have been published beforehand in: Nasir S, Ali M, Ramirez P, Froehlich K, Cervera J, Mafe S and Ensinger 

W 2021 Ionic conduction through single-pore and multipore polymer membranes in aprotic organic electrolytes J. Membr. Sci. 635 

119505. 
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conditions [45]. Siwy and coworkers have described ion current rectification phenomena in 

track-etched single cylindrical and conical nanochannels in polycarbonate and polyethylene 

terephthalate membranes in aprotic organic solvents [200, 201].  

The use of aqueous electrolyte solutions is often limited for many requirements, which 

raises the demand of non-aqueous electrolytes. Non-aqueous and organic solvents are 

important for the synthesis, separation and purification of organic molecules in the chemical 

and pharmaceutical industries [112, 203–206]. Furthermore, energy storage devices such as 

capacitors and batteries also require anhydrous conditions [114, 115, 207]. Therefore, 

fundamental research on the aqueous sensitivity of ionic conductivity in nanoporous 

membranes under organic solvent conditions is necessary.  

In this study, single-channel and multichannel PI membranes were exposed to electrolyte 

solutions prepared in water and aprotic solvents as well as their mixtures. The used aprotic 

solvents were anhydrous propylene carbonate (PC), ACN and DMF. The multiporous PI 

membranes containing sub-nanometer sized channels were fabricated through soft-etching (SE) 

technique, whereas membranes with large channels having a diameter of tens of nanometers 

were prepared using the symmetric track-etching (TE) technique. Ionic conduction across the 

SE- and TE-membranes was studied under aqueous and aprotic electrolyte conditions. For a 

better understanding of different behavior of aqueous and aprotic electrolyte solution, the 

corresponding changes of the ion current rectification were analyzed using single conically 

shaped nanochannels prepared through asymmetric track-etching technique. In particular, the 

transition point at which the effective channel surface charge becomes zero was obtained from 

single nanochannel electrical recordings in aprotic electrolyte solutions diluted with different 

mole fractions of water. This transition point provides information on the adsorption / 

desorption phenomena of the solvated metal ions on the nanochannel surface.  

2. Results and Discussion 

The following sections present the ionic conduction phenomena in multichannel and 

single conical nanochannel PI membranes under aqueous and aprotic electrolyte conditions 

using salt solutions composed of lithium perchlorate (LiClO4), sodium perchlorate (NaClO4), lithium 

bis(trifluoromethylsulphonyl)imide (LiTFSI) and potassium hexafluorophosphate (KPF6). Soft-etching 

with DMF of UV-sensitizied PI membranes (109 tracks cm-2) was performed for >20 h at room 

temperature. Symmetrical track-etching of PI membranes (103 tracks cm-2) was performed for 

45 min at 50°C generating almost cylindrical (biconical) nanochannels with a surface opening 

diameter of ~420 ± 30 nm and an inner opening diameter of tens of nanometers [208]. 
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2.1. Ion Conductivity through Symmetrically Soft- and Track-Etched Multichannel 
Membranes 

The ion permeation across SE- and TE-PI membranes crucially depends on the channel 

diameter. While SE-PI channels only allow the permeation of alkali cations under aqueous 

conditions as shown in CHAPTER III, TE-PI membranes permit also the passage of divalent cations 

and larger ionic compounds. Figure 62 shows the I-V curves of SE-PI (109 tracks cm-2) and TE-

PI (103 tracks cm-2) multichannel membranes measured in 0.1 M salt solutions of LiClO4, 

NaClO4, LiTFSI and KPF6 in water and anhydrous ACN, PC and DMF under symmetrical 

electrolyte conditions. 

 

Figure 62: The I-V curves of (a) soft-etched PI multichannel (109 tracks cm-2) membrane and (b) track-
etched PI multichannel (103 tracks cm-2) membrane measured in 0.1 M salt solutions obtained with water 
and the aprotic solvents acetonitrile, propylene carbonate and dimethylformamide under symmetric 
electrolyte conditions. 

Under aqueous electrolyte conditions, both SE- and TE-PI membranes exhibit high 

currents at positive and negative voltages due to the transmembrane permeation of cations (Li+, 
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Na+ and K+) through the negatively charged nanochannels. In organic electrolytes, however, 

the SE-PI membrane shows I-V curves with much lower current values than the TE-PI 

membrane. There are two possible explanations for this dramatic drop in the ion conductivity. 

In aprotic solvents, a solvation of alkali metal ions with solvent molecules takes place to give 

bulky cationic [M(solvent)n]+ complexes [209–211]. Previous studies demonstrated that 

mainly four solvent molecules coordinate with a metal cation to form [M(solvent)4]+ 

complexes in ACN, PC and DMF [212–215]. The interactions between solvent molecules and 

anions are very weak and due to the lack of hydrogen bonding anions remain uncoordinated in 

aprotic solvents [209, 210, 215]. However, the anions are still rather bulky and could be 

hindered to pass across the channel because of electrostatic repulsion. In this case, the strongly 

reduced ion conductivity can be ascribed to the presence of bulky cationic species with 

hydrodynamic radii comparable or larger than the channel diameter. Another possibility could 

be the functionalization of the nanochannel surface by adsorpted cationic [M(solvent)4]+ 

complexes changing the surface net charge from negative to positive [216]. Recently, Siwy and 

coworkers have experimentally and theoretically demonstrated the switching of the channel 

charge from negative (aqueous solutions) to positive (PC electrolytes) in track-etched polymeric 

nanochannels and glass nanopipettes [200, 201]. In this case, the cations would be excluded 

electrostatically from the nanochannel. Moreover, the anion permeation across the membrane 

could be strongly hindered because of the adsorbed metal-solvent complexes on the channel 

opening. In the case of TE-PI membranes, however, ions can easily translocate through the large 

channel openings. 

For the sake of comparison, the membrane conductances from the I-V curves shown in 

Figure 62 for SE- and TE-PI membranes were compared with the bulk solution conductivities 

of the corresponding salts (Figure 63). Figure 63 (a) shows that the SE-PI nanochannels exhibit 

negligible membrane conductance in aprotic electrolytes compared to water. On the other hand, 

the TE-PI nanochannels show a significant membrane conductivity in organic solvents (Figure 

63 (b)) that follows the bulk solution conductivities of the corresponding electrolytes (Figure 

63 (c)). 

Further investigations were performed to analyze the effect of the aprotic solvent 

content on the ion conductivity. The experiments have been conducted in electrolyte solutions 

having different solvent mole fractions (Xsolvent) of ACN, PC and DMF in water in the range 

between Xsolvent = 0 (pure water) and Xsolvent = 1 (pure solvent) at constant 0.1 M LiClO4 

electrolyte concentration. Figure 64 and Figure 65 show the I-V curves measured for soft-etched 

and track-etched multichannel PI membranes. 
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Figure 63: Conductance of the (a) SE-PI membrane and (b) TE-PI membrane obtained from the 

corresponding IV curves at +2 V. (c) The respective bulk conductivities of the different 0.1 M salt 
solutions.   

In the case of the SE-PI membrane, a conductance decrease of only ~21% was obtained 

upon dilution to Xsolvent = 0.1 in ACN. In contrast, using PC and DMF as the solvent caused 

conductance decreases of ~61% and ~53%. It could be that for Xsolvent > 0.25 the ion 

permeation through the nanochannels was almost blocked. The conductance reduction 

obtained in Figure 64 by replacing water with organic solvents could be induced by the solvation 

of metal ions. The resulting solvated metal ions [M(solvent)4]+ should diffuse slowly through 

the nanochannels and could also be adsorbed on the channel walls, contributing further to the 

ionic hindrance in the SE-PI membrane.    

In the case of the track-etched PI membrane, the increase of Xsolvent did not cause a 

significant conductance decrease, as shown in Figure 65. In this case, the membrane 

conductivity changes followed those of the bulk solution conductance (Figure A 38). This 

indicates that the ion transport through the track-etched nanochannels occured without 

significant hindrance. It is important to note that for the case of the ACN solvent, an increase 

in membrane conductance was obtained by gradually reducing the water concentration in the 

0.1 M LiClO4 solution compared to the case of the PC and DMF solvents. Since the TE-PI 

membranes used in this study contained biconical-shaped nanochannels instead of cylindrical 

ones due to the short etching time, single cylindrically shaped nanochannel PET membranes 

fabricated using symmetrical etching for 4, 8 and 15 min at 50°C  were used to analyze the ion 

conductivity. Even the narrow cylindrical PET nanochannels with a diameter of ~20 nm 

exhibited high ion conductivity in ACN compared to the aqueous electrolytes as shown in Figure 
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A 39. These findings suggest that significant channel blockage occured in the SE-nanochannels 

caused by ionic hindrance and possible adsorption of the solvated metal cations on the 

nanochannel surface. 

 

Figure 64: The I-V characteristics for the soft-etched PI multichannel (109 tracks cm-2) membrane in a 0.1 M 
LiClO4 electrolyte solution at different aprotic solvent mole fractions of (a) ACN, (b) PC and (c) DMF in 

water, and (d) the respective normalized conductances Gn at +2 V. 
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Figure 65: The I-V characteristics for the track-etched PI multichannel (103 tracks cm-2) membrane in a 
0.1 M LiClO4 electrolyte solution at different aprotic solvent mole fractions of (a) ACN, (b) PC and (c) DMF 
in water, and (d) the respective normalized conductances Gn at +2 V. 

 

2.2.  Ion Conductivity through Conical-Shaped Single-Nanochannel PI Membranes 

Additional experiments were performed with single conically shaped nanochannels to 

evaluate the role of nanochannel surface charges. Negatively charged asymmetric nanochannels 

rectify the ion current and even minor changes of the channel charges or channel diameter 

directly affect the electronic readout. Figure 66 shows the I-V curves of a single conical PI 

nanochannel measured in 0.1 M salt solutions in pure water and anhydrous aprotic solvents. 

Under aqueous conditions, the deprotonation of carboxylic acid groups yielded a 

negatively charged conical nanochannel that exhibited ion current rectification. The negative 

net charge led to a preferential cation permeation from the tip to the base opening of the conical 

nanochannel (Figure 66 (a)). However, a different behavior was observed for aprotic solvents. 



 

           103 

In the case of PC elecrolytes, the conical nanochannel showed anion rather than cation 

selectivity. This behavior appeard in form of inverted ion current rectification, suggesting now 

a positively charged channel surface (Figure 66 (b)). In this case, the carboxyl groups on the 

nanochannel walls were not ionized because the dielectric constant of organic solvents is 

relatively low compared to that of water. Here, the solvated metal ions [M(PC)4]+ adhered to 

the channel surface, leading to the inversion of the ion current rectification. Figure 66 (b) shows 

that this inversion is independent of the type of anion or cation in the PC solution. Furthermore, 

the lower bulk solution conductivities caused lower currents in the PC electrolytes than those 

of the corresponding aqueous solutions. Previous studies have confirmed this inversion of 

current rectification when the surface charge was changed from negative to positive due to the 

modification of the channel surface with cationic moieties [111, 217, 218]. Recently, Siwy and 

coworkers have also shown that in PC salt solutions, the surface charge of conically shaped 

nanochannels in polycarbonate and polyethylene terephthalate membranes, together with the 

case of glass nanopipettes, switched from negative to positive because of the adsorption of 

[M(PC)4]+ complexes on the channel surface [200, 201]. 

In the case of DMF salt solutions, no inversion of the current rectification was noticed 

(Figure 66 (c)). This fact indicates that the concentration of adsorbed [M(DMF)4]+ complexes 

on the nanochannel surface was not high enough to affect significantly the positive net charge 

that is required to create an anion selective transmembrane transport. It might be that the 

presence of moisture adsorbed by DMF from the atmosphere generated negative charges by 

deprotonation of the channel surface carboxyl groups. The influence of the water content in 

DMF solution on the current rectification of glass nanopipettes was described by Yin et al. [45].  

For the case of 0.1 M LiClO4 dissolved in ACN, a strong rectification inversion was 

observed (Figure 66 (d)). However, I-V measurements with other salts could not be recorded 

because of the limited chemical stability of the PI nanochannel in ACN solution. Figure A 40 

shows that the PI nanochannel exhibites stable current signals over several cycles in PC 

electrolytes, but in ACN electrolytes, the ion current is stable only for a few cycles. The observed 

current increase could be caused by a slow tip opening deformation with operation time due to 

swelling effects. For this reason, further experiments with the PI single nanochannel were 

performed only in PC electrolyte solutions. 
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Figure 66: The I-V curves obtained with a single conical PI nanochannel (d ≈ 37 ± 5 nm, D ≈ 850 ± 20 nm) 
in 0.1 M solutions of different salts prepared in (a) water, (b) PC, (c) DMF and (d) ACN. 

To elucidate the aqueous-sensitive adsorption / desorption capability of the [M(PC)4]+ 

complexes on the nanochannel surface, further experiments were performed using PC 

electrolyte solutions with different water mole fractions from Xwater = 0 (anhydrous PC solution) 

to Xwater = 1 (pure aqueous solution). The I-V curves of the single conical PI nanochannel that 

was in contact with different salts in the PC solvent at different mole fractions of water are 

shown in Figure 67 (a). With increasing water concentration in the PC electrolyte solution, the 

inverted ion current rectification representing the anion selective permeation gradually flipped 

to the normal current rectification of a cation selective nanochannel. This happened because 

the adsorbed [M(PC)4]+ complexes on the channel surface were displaced by water molecules. 

As mentioned above, the presence of water in the electrolyte leads to a disruption of the 

adsorbed layer of [M(PC)4]+ cations and triggers the ionization of the carboxylic acid groups.  
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Figure 67: (a) I-V curves of the single conical PI nanochannel (d ≈ 30 ± 5 nm, D ≈ 1030 ± 20 nm) measured 
in 0.1 M electrolyte solutions of salts at different mole fractions of water in PC. (b) Ion currents at +2 V 
and -2 V obtained from the respective I-V curves. The arrow at the intersection line gives the transition 
point at which the channel charge is switched from positive to negative. 

The desorption of the different cation [M(PC)4]+ complexes from the nanochannel 

surface is influenced by the type of salt solution and the Xwater values. Figure 67 (b) shows the 

changes observed in the rectified ion currents at +2 V and -2 V as a function of the water mole 

fraction. The increase of Xwater induces a change at the interface between the PC solvent and the 

channel surface [216]. This led to gradual current increases and decreases at positive and 

negative potentials. Eventually, the negative and positive currents are equal at a certain Xwater 

level. This level is the transition at which the net surface charge is zero and the conical 

nanochannel exhibits ohmic behavior. Below the transition point, the adsorbed [M(PC)4]+ 

cations generate a positive net charge on the channel surface. When the water concentration 

exceeds this point, the deprotonated carboxyl groups form a negatively charged channel 

surface. The transition point of the different salts is highlighted in Figure 67 (b). For the case 
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of LiClO4, the transition point was reached at Xwater = 0.04, suggesting that a minimum ~4% of 

water content in the PC electrolyte is required to detach the [Li(PC)4]+ species from the 

nanochannel surface. This result is in good agreement with the previously reported value of 

~5% water content in the PC electrolyte and single polycarbonate nanochannel [201]. For 

NaClO4 and LiTFSI salts, this transition point was obtained at ~2.3% and ~3% water content, 

respectively. For the case of KPF6 electrolyte, however, the transition point was reached at very 

low water content of ~0.4%, which is required to dissociate the [K(PC)4]+ cation from the 

channel walls. 

Furthermore, two conductance levels of the nanochannel were found in the case of KPF6 

PC solutions with a water content of between 3% and 5%, propably caused by the negative 

differential resistance (NDR) effect (Figure 67 (b), Figure A 41). Ramirez et al. have given a 

detailed account of the NDR effect for the case of fluoride ions at low KF electrolyte 

concentrations [219, 220]. The NDR phenomena results in a sharp current drop when the 

applied external voltage exceeds a certain threshold. F- ions can have two hydration shells due 

to their high hydration energy and tend to strongly immobilize the surrounding water 

molecules, especially in nanoscale environments. It might be that the fluoride modified channel 

entrance affects the free water channel networks that are available for ion conduction. 

According to this consumption, no NDR should be apparent for wider channel openings where 

the charge concentration is small [219]. PF6
- anions can also induce this mechanism when the 

applied potential exceeds the threshold voltage VT [220]. In the case of Xwater = 0.03 and Xwater 

= 0.05, VT was around +0.6 V and +1.3 V, respectively. The NDR effect vanished for Xwater ≥ 

0.07 in PC electrolyte solution, showing that this effect only appears for small anion 

concentration of PF6
- as it is the case for F-. 

 

2.3. Ion Conductivity through Conical Single-Nanochannel PET Membranes 

To investigate the effect of the polymer material on the rectification behavior in aprotic 

solvents, experiments were performed with a single conical PET nanochannel using the same 

set of electrolyte solutions as used for PI analysis in the previous section. The I-V curves obtained 

with 0.1 M salt solutions in water and aprotic solvents are shown in Figure 68. In ACN and PC 

electrolyte solutions, the PET membrane exhibited inverse ion current rectification similar to PI 

nanochannels, which shows an effective positive channel charge due to the adsorption of 

solvated metal ion complexes on the PET surface. Again, no rectification inversion was noticed 

in DMF electrolyte solutions, and the ion conductivity was comparable with the values obtained 

with the PI membrane. Figure 68 (b) and (c) show that the PET nanochannel exhibits in ACN 
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solutions higher current rectification inversion than in PC solutions. The high bulk 

conductivities of the salt solutions in the ACN solvent could be the reason for these results. 

Since both PI and PET single nanochannels showed rectification inversion in PC and ACN 

electrolytes, the water content in these solvents should be much lower than in the commercial 

DMF solution (Figure 68 (d)).  

 

Figure 68: I-V curves measured with a single conical PET nanochannel (d ≈ 23 ± 5 nm, D ≈ 590 ± 30 nm) 
in 0.1 M salt solutions for (a) water, (b) ACN, (c) PC and (d) DMF solvents. 

The transition point of the PI nanochannel in the previous section was obtained only in 

PC solutions of different water mole fractions because the PI stability in ACN solution is limited. 

In contrast to PI, the single conical PET nanochannel is chemically more stable in ACN and 

additional experiments could be conducted to determine the transition point in ACN salt 

solutions. Figure 69 (a) shows the I-V characteristics of the PET nanochannel for varrying Xwater. 

The rectification inversion gradually decreased with increasing water concentration in the ACN 
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electrolyte due of the higher carboxylic acid dissociation in the channel. Figure 69 (b) shows 

the transition point at which the channel net charge at +2 V and -2 V was zero and the channel 

showed ohmic transmembrane transport behaviour. 

 

Figure 69: (a) I-V curves of the single conical PET nanochannel (d ≈ 20 ± 3 nm, D ≈ 870 ± 30 nm) measured 
in 0.1 M electrolyte solutions of salts at different mole fractions of water in ACN. (b) Ion currents at +2 V 
and -2 V obtained from the respective I-V curves. The arrow at the intersection line gives the transition 
point at which the channel charge is switched from positive to negative. 

The transition point of the ACN solution in Figure 69 (b) was almost doubled compared 

to that of PC solutions in Figure 67 (b). For the case of LiClO4, the transition point increased 

from Xwater = ~0.04 (PC solution) to Xwater = ~0.10 (ACN solution). Similarly, for NaClO4 

solution this point increased from Xwater = ~0.023 to Xwater = ~0.065 and for LiTFSI from Xwater 

= ~0.03 to Xwater = ~0.067. In the case of KPF6, however, a dramatic increase from Xwater = 

~0.004 to Xwater = ~0.025 was observed. The higher water concentration in the ACN electrolyte 

solutions required to dissociate the solvated metal ion from the channel walls further shows 
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that the [M(ACN)4]+ complex was more tightly bound to the channel surface than the 

[M(PC)4]+ complex. 

These results show that the ionic conduction could be affected by the organic solvent 

molecular characteristics. DMF is an aprotic protophilic solvent with a dipole moment  ≈ 

3.24 D, while PC and ACN are aprotic protophobic solvents with dipole moments  ≈ 4.9 D and 

 ≈ 3.53 D, respectively [116]. The conical nanochannel exposed to the DMF solution did not 

rectify the ion current, whereas current rectification was observed in both PC and ACN 

solutions. Furthermore, the rectified current and transition point of ACN electrolytes were 

larger than those of PC electrolytes although the dipole moment of ACN is lower than of PC. 

This indicates that not only the nature and dipole moment of the organic solvents are important 

for the adsorption of the cation [M(solvent)4]+ complex. The orientation of solvent molecules 

around the solvated metal ion could also be significant.  

Additionally, the ion transport through single conical PET nanochannels was also 

analyzed under asymmetrical electrolyte conditions (Figure 70). Here, salt electrolytes 

prepared in water and ACN were used because the bulk solutions showed comparable 

conductivities. The tip side of the nanochannel was exposed to the aqueous solution while the 

base side was in contact with the ACN solution, and vice versa. The electrically charged tip 

region mainly controls the ion permeation across the membrane and showed cation selectivity 

when the tip side was exposed to the aqueous solution. Replacing the aqueous solution with 

ACN electrolyte at the tip side, the channel polarity swiched from negative to positive and the 

channel showed anion rather than cation selectivity (Figure 70). Due to the opposite polarity 

of the channel surface charges in the tip and base region, the conical PET nanochannel exhibited 

a diode-like behavior under water / ACN electrolyte conditions. 

To investigate the effects of cation type the ion conductivity of the single nanochannel, 

experiments have also been performed in tetraalkylammonium salts (R4NCl). In contrast to 

alkali salts, the channel did not show rectification inversion in R4NCl (Figure A 42 and Figure 

A 43), suggesting that solvated R4N+ cations could not adsorb on the channel surface. It is 

known that the solvation of R4N+ cations in aprotic solvents occurs with very weak ion-dipole 

interactiosn due to the positive charge localized on the nitrogen atom that is surrounded by 

four alkyl chains [221]. This is the reason why these salts mainly form ion pairs and continuums 

in organic solvents [222].  
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Figure 70: Changes in the I-V curves obtained with the single conical PET nanochannel (d ≈ 20 ± 3 nm, D 
≈ 870 ± 30 nm) exposed to a 0.1 M (a) LiClO4, (b) NaClO4, (c) LiTFSI and (d) KPF6 solution prepared in 
water and anhydrous ACN under asymmetrical electrolyte conditions 

3. Conclusion 

In summary, this study described the ionic conduction phenomena in PI and PET 

membranes containing single and multiple nanochannels under aqueous and aprotic electrolyte 

conditions. In the case of soft-etched PI membranes with nanochannels in the sub-nanometer 

range, the formation of [M(solvent)4]+ cations under organic electrolyte conditions caused a 

dramatic reduction of the ion conductivity. In contrast, the conductance of the track-etched PI 

membrane with channel diameters of tens of nanometers showed the same trend as the 

corresponding bulk solution conductivities.  
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The different effective nanochannel charges observed in pure water, organic solvents 

and water / solvent mixed electrolytes have been identified from the changes in the current 

rectification of single conically shaped nanochannels. For the case of the PC and ACN 

electrolytes, the conical channel exhibited rectification inversion due to the adsorption of 

solvated metal cations [M(PC)4]+ and [M(ACN)4]+ on the channel surface. Furthermore, 

ionic conduction in aprotic electrolytes with different water mole fractions showed that the 

transition point of the single nanochannel PET membrane in ACN electrolyte was almost twice 

as much as that obtained in the PC electrolyte. This indicates that the [M(ACN)4]+ cation was 

tightly attached to the channel walls. These finding could be useful for membrane-based 

molecular filtration, separation and purification processes in organic solvents, especially in 

pharmaceutical industries as well as in energy storage nanofluidic devices operating in organic 

solvents. 
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CHAPTER VI: SUMMARY AND OUTLOOK 

Due to their wide range of applications in sensing of (bio)molecules, molecular 

separation and purification processes as well as energy conversion systems, synthetic 

nanochannels are very attractive for future technologies. To meet the specific requirements of 

each possible application a precise control over the channel dimensions and surface properties 

is essential. Among the multitude of solid-state materials and fabrication techniques available, 

ion track-etched polymer membranes have great potential due to their enormous flexibility 

regarding the geometries and dimensions as well as chemical modification of the nanochannel 

surface properties.  

The motivation of this thesis was to open up new opportunities for the practical use of 

polymeric nanochannels. Polyimide (PI), a polymer with excellent chemical, mechanical and 

electrical stability, should replace polyethylene therephthalate (PET) membranes, which have 

a limited substrate stability under harsh operating conditions. To overcome the difficulties of 

traditional track-etching with NaOCl solution at high temperatures and to improve the etching 

process in terms of reproducibility, time-efficiency and controllability of the channel 

dimensions, new track-etching methods for heavy ion irradiated PI membranes were developed. 

The presented soft-etching technique enables the formation of sub-nanometer sized channels 

that discriminate cations by their charge and size. To achieve this, the PI membrane is exposed 

to an organic solvent, which removes damaged material from the latent track without affecting 

the bulk material. The ion conductivity of soft-etched PI membranes was analyzed using 

different electrolyte solutions containing alkali metal, divalent metal and organic cations under 

symmetric and asymmetric electrolyte conditions. Under symmetric conditions, the 

nanochannels showed ohmic behavior for alkali and ammonium ions, while the passage of 

divalent cations and large tetraalkylammonium ions was hindered. On the contrary, ion current 

rectification was observed under asymmetric conditions. The current-voltage (I-V) curves 

showed significant differences between alkali and organic cations, discriminating also between 

monovalent and divalent metal ions in a multi-ionic system. I-V measurements using electrolyte 

solutions with alkali metal-crown ether complexes showed that only the [Li(12-crown-4)]+ 

complex can freely permeate across the DMF-soft-etched PI membrane under an applied electric 

field, whereas bigger cations whose molecular sizes are in the nanometer range, are rejected.  

Furthermore, the role of organic solvents in the chemical track-etching of heavy ion 

irradiated PI membranes was investigated. Significantly higher etch rates were achieved by 
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using organic solvents, either as a pretreatment or as an additive for NaOCl etching. Preceeding 

exposure to polar solvents like tetrahydrofurane (THF), dimethylformamide or dimethyl 

sulfoxide increased the bulk-etch rate by up to factor 5 in comparison to track-etching without 

pretreatment. Using organic solvents as additives during NaOCl track-etching leads to a 

significant increase in both bulk- and track-etch rates. In particular, an addition of 10 vol% of 

THF or acetonitrile (ACN) reduces the nanochannel fabrication time by 31% and 47%, 

respectively. Depending on the etching setup, both approaches can also be used to generate 

single-channel membranes with ohmic (symmetrical etching) or diode-like (asymmetrical 

etching) ion conductivities. 

A further aim of this work was to extend the media of operations of the previously 

designed nanofluidic membranes. Since many publications focus on the biomimetic approach 

of polymeric nanochannels, ion transport phenomena are mostly investigated in aqueous 

solutions. However, the use of water as the electrolyte solution is limited for many applications, 

which raises the demand for non-aqueous electrolytes. Hence, transport phenomena were 

investigated under aqueous and non-aqueous conditions.  

The effect of charge density on the transport behavior of conically and cylindrically 

shaped nanochannels in PET membranes in aqueous solutions was demonstrated using 

polyamidoamine (PAMAM) dendrimers of generation G0 – G3, either as nanochannel surface 

modifier or as an electrolyte additive. The linkage of the dendrimer molecules on the 

nanochannel surface reduces the cation permeation and increases the anion permeation across 

the membrane, with the strongest effect for PAMAM G2. The results further indicate that the 

effect of functionalization with PAMAM is independent of the nanochannel shape and diameter. 

Dissolved in the electrolyte solution, an increase of the dendrimer generation and concentration 

leads to the electrostatic adsorption of PAMAM molecules on the nanochannel walls. In both 

cases, the study shows that charge density, either of the nanochannel surface or dissolved 

analyte, significantly affects the mass transport behavior of the membrane. 

In the final series of experiments, the ionic conduction phenomena in PI and PET 

membranes containing single and multiple nanochannels under aqueous and aprotic electrolyte 

conditions were presented. In the case of soft-etched PI membranes, the formation of 

[M(solvent)4]+ cations in organic electrolytes causes a dramatic reduction of the ion 

conductivity. In contrast, the conductance of the track-etched PI membrane with channel 

diameters of tens of nanometers shows the same trend as the corresponding bulk solution 

conductivities. For the case of the propylene carbonate (PC) and ACN electrolytes, the conical 

channel exhibits rectification inversion due to the adsorption of solvated metal cations 

[M(PC)4]+ and [M(ACN)4]+ on the channel surface. Furthermore, ionic conduction in aprotic 
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electrolytes with different water mole fractions showed that the transition point of the single 

conical nanochannel PET membrane in ACN electrolyte is at almost twice the water mole 

fraction than in the PC electrolyte. This indicates that the [M(ACN)4]+ cations are tightly 

attached to the channel walls. 

While the role of organic solvents in ion track-etching still requires deeper investigations 

in order to fully understand the mechanistic fundamentals, the presented results clearly show 

that it is a promising way to improve both the efficiency and flexibility in nanochannel 

fabrication. Furthermore, soft-etched nanochannels enable new applications, which are only 

possible due to their tiny channel diameter. Interesting applications for future research could 

be for example the conversion of osmotic energy into electrical energy under salinity gradient 

conditions as well as sensing or filtration processes of gases. 

Organic solvent additives significantly affect the track etching process of PI with NaOCl 

solution. Again, additional investigations are needed to more deeply understand the role of the 

organic solvent in the etching process. Moreover, it might be possible to further optimize the 

etchant composition, for example by mixing multiple additives in order to combine their effects. 

The new etching protocol could also be applied to PI membranes that were irradiated with ions 

of lower kinetic energy. Especially the NaOCl / ACN and NaOCl / THF mixtures are promising 

candidates for etching of less energetically irradiated PI foils, as they showed the most 

pronounced effect on bulk- and track-etch rates. This would make the fabrication of PI 

nanochannels independent from heavy ion acceleration and more available for upscaling. Due 

to the excellent thermal and chemical stability, PI nanochannels could also potentially be 

applied in fuel cells. Moreover, one of the most anticipated applications is medical diagnostics. 

To realize this, the aim is to implement the polymer membrane as the main sensing component 

in a Lab-on-Chip system to perform medical analyses faster and cheaper without sacrificing 

precision and sensitivity. 

The effect of nanochannel surface charge density could be further explored in non-

aqueous electrolytes. These findings might be useful for membrane-based molecular filtration 

and purification processes in water and organic solvents, especially in pharmaceutical industries 

as well as in energy conversion nanofluidic devices. 
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Appendix 

List of Abbreviations 

ACN acetonitrile 

C crown ether 

d small nanochannel diameter 

D large nanochannel diameter 

DCM dichloromethane 

DMF dimethylformamide 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

EAc ethyl acetate 

EDA ethylenediamine 

EDC N-(3-(dimethyl-

amino)propyl)-N′-

ethylcarbodiimide 

EDL electrical double layer 

et al. et alii (lat.); and others (engl.) 

EtOH ethanol 

FIB focused ion beam 

FEB focused electron beam 

G conductance 

GE ground elecrode 

HSAB acids and bases 

I current 

IEP isoelectric point 

IHL inner Helmholtz-layer 

K stability constant 

L nanochannel lenght 

Mn+ metal ion 

MeOH methanol 

MOF metal-organic framework 

MV2+ methyl viologen ion 

NDR negative differential resistance 

NDS2- 1,5-naphthalene disulfonate ion 

OHL outer Helmholtz-layer 

PAMAM 

(G0) 

Polyamidoamine (generation 

zero) 

PBS phosphate buffer solution 

PET polyethylene terephthalate 

PFP pentafluorophenol 

PI polyimide 

2-PrOH 2-propanol 

r rectification ratio 

SE soft-etching / soft-etched 

SEM scanning electron microscopy 

SHI swift heavy ion 

TCM trichloromethane 

TE track-etching / track-etched 

THF tetrahydrofurane 

UNILAC universal linear accelerator 

UV ultra violet 

V voltage 

vis visible 

vol% percentage of volume 

WE working electrode 

 opening angle 

ƒ flux 

 specific conductance 

 wavelenght 

 dipole moment 

vb bulk-etch rate 

vt track-etch rate 

X mole fraction 
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Chemicals 

Table A 1: Overview of the used chemicals. 

Chemical Designation Purity (%) Supplier 

acetonitrile ACN ≥99.5 VWR chemicals 

ammonium chloride NH4Cl ≥99.5 Sigma-Aldrich 

calcium chloride CaCl2 93.0 Sigma-Aldrich 

cesium chloride CsCl 99.9 Sigma-Aldrich 

12-crown-4 12C4 98 Sigma-Aldrich 

15-crown-5 15C5 98 Sigma-Aldrich 

18-crown-6 18C6 ≥99.0 Sigma-Aldrich 

dichloromethane DCM ≥99.5 Promochem 

dimethylammonium chloride Me2NH2Cl ≥98.0 Sigma-Aldrich 

dimethylformamide DMF 99.8 Sigma-Aldrich 

dimethyl sulfoxide DMSO ≥99 Alfa Aesar 

disodium-1,5-

naphthalenedisulfonic acid 

Na2NDS 85 Fluka 

ethanol EtOH ≥99.8 Roth 

ethyl acetate EAc ≥99.9 Roth 

ethylenediamine EDA 99.5 Fluka 

lithium 

bis(trifluoromethylsulphonyl)i

mide 

LiTFSI 99.99 Sigma-Aldrich 

lithium chloride LiCl ≥99.0 Sigma-Aldrich 

lithium perchlorate LiClO4 ≥98.0 Sigma-Aldrich 

magnesium chloride MgCl2 ≥99.0 Sigma-Aldrich 

methanol MeOH 99.5 PanReac AppliChem 

methylammonium chloride MeNH3Cl ≥99.0 Sigma-Aldrich 

methyl viologen dichloride 

hydrate 

MVCl2·H2O 98 Sigma-Aldrich 

N´-(3-dimethylaminopropyl)-

N´-ethylcarbodiimide 

hydrochloride 

EDC ≥99 Sigma-Aldrich 

pentafluorophenol PFP ≥99 Sigma-Aldrich 

phosphate buffered saline PBS ≥99 Sigma-Aldrich 

polyamidoamine dendrimer kit PAMAM 20 Sigma-Aldrich 

polyethylene terephthalate 

(Hostaphan RN12) 

PET  Hoechst 

polyimide (Kapton50 HN) PI  DuPont 

potassium chloride KCl ≥99.0 Sigma-Aldrich 

potassium citrate tribasic K3C6H5O7 ≥99.0 Sigma-Aldrich 

potassium 
hexafluorophosphate 

KPF6 ≥99 Sigma-Aldrich 

potassium hydrogencarbonate KHCO3 ≥99.5 Sigma-Aldrich 

potassium iodide KI ≥99 Roth 

potassium phosphate dibasic K2HPO4 ≥98 Sigma-Aldrich 

potassium sulfate K2SO4 ≥99.0 Sigma-Aldrich 

2-propanol 2-PrOH >99.9 Selectipur, BASF 

propylene carbonate PC 99.7 Sigma-Aldrich 

rubidium chloride RbCl 99.8 Sigma-Aldrich 

sodium acetate NaOAc ≥99.0 Sigma-Aldrich 

sodium chloride NaCl ≥99.9 Sigma-Aldrich 

sodium hydroxide NaOH 99 Grüssing GmbH 

sodium hypochlorite  NaOCl 12 Roth 

sodium nitrate NaNO3 ≥99 Sigma-Aldrich 
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sodium perchlorate NaClO4 ≥98.0 Sigma-Aldrich 

tetrabutylammonium chloride Bu4NCl ≥97.0 Sigma-Aldrich 

tetraethylammonium chloride Et4NCl ≥98 Sigma-Aldrich 

tetrahydrofuran THF ≥99.9 Merck KGaA 

tetramethylammonium 

chloride 

Me4NCl ≥98.0 Sigma-Aldrich 

tetrapropylammonium chloride Pr4NCl 98 Sigma-Aldrich 

trichloromethane TCM 99.5 Sigma-Aldrich 

trimethylammonium chloride Me3NHCl ≥98.0 Sigma-Aldrich 

zinc chloride ZnCl2 ≥98 Sigma-Aldrich 
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Supplemental Data 

 

CHAPTER III section 1 

 

 

Figure A 1: Ion current and voltage traces versus time for triangular voltages of (a) 3 V and (b) 2 V 
amplitudes in the case of a DMF-treated PI membrane (109 tracks cm-2).  

 

Figure A 2: (a) I-V curves for DMF-treated PI membranes of different thickness in a 0.1 M KCl solution, 
and (b) the corresponding ion conductance at +2 V. (c) I-V curves of a UV-sensitized and a non-UV-
sensitized DMF-treated PI membrane (109 tracks cm-2) in 0.1 M KCl electrolyte. (d) I-V curves obtained 
with a DMF-treated PI membrane at different NaCl electrolyte concentrations. 
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Figure A 3: I-V curves of DMF–treated PI membranes (109 tracks cm-2) prepared (a) at different 
temperatures, and (b) for different times at room temperature obtained in 0.1 M LiCl electrolyte solution. 

 

Figure A 4: I-V curves (left) and ion conductances (right) of MeOH- (a and b) and DMF- (c and d) treated 
PI membranes in 0.1 M metal chloride solutions under symmetrical electrolyte conditions. The bulk 
conductivities are shown for the sake of comparison.  
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Figure A 5: I-V curves (left) and ion conductances (right) of MeOH- (a and b) and DMF- (c and d) treated 
PI membranes in 0.1 M alkylammonium chloride solutions under symmetrical electrolyte conditions. The 
bulk conductivities are shown for the sake of comparison. 
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Figure A 6: I-V curves (left) and ion conductances (right) of a PI membrane track-etched with NaOCl in 
0.1 M metal chloride (a and b) and alkylammonium chloride (c and d) solutions under symmetrical 
conditions. The respective bulk conductivities are shown for the sake of comparison.  
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Figure A 7: I-V curves of DMF-treated PI membranes (109 tracks cm-2) in 0.1 M alkali chloride solutions at 
(a) close to neutral and (b) acidic conditions. (c) I-V curves and (d) the corresponding ion conductances 
of the membranes in aqueous electrolyte solutions of different anions under symmetric electrolyte 
conditions. The bulk conductivities are shown for the sake of comparison. 



 

 136 

 

Figure A 8: I-V curves (left) and the corresponding ion conductances (right) of MeOH- (a and b) and DMF- 
(c and d) treated PI membranes at different Ca2+ mole fractions with [KCl + CaCl2] = 0.1 M under 
symmetric electrolyte conditions. The bulk conductivities are shown for the sake of comparison. 
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Figure A 9: I-V curves, rectification ratios and ion conductances of MeOH- (a - c) and DMF- (d - f) treated 
PI membranes at different Ca2+ mole fractions with [KCl + CaCl2] = 0.1 M under asymmetric electrolyte 
conditions. The working electrode was exposed to the KCl solution, while the ground electrode was in 
contact with the KCl + CaCl2 solutions. The bulk conductivities are shown for the sake of comparison. 
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CHAPTER III section 2 

 

 

Figure A 10: (a) I-V curves obtained with SE-PI membranes after the addition of different  crown ethers 
(25 mM) dissolved in 0.1 M LiCl, NaCl and KCl solutions. (b) Normalized membrane conductance obtained 
from the corresponding I-V curves, and the normalized bulk conductivity used as a reference to the 
absence of crown ethers in the electrolyte solution. 
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Figure A 11: I-V curves obtained with a single conical nanochannel PI membrane after the addition 
different crown ethers (25 mM) dissolved in 0.1 M (a) LiCl, (b) NaCl and (c) KCl solutions. 

  

Figure A 12: I-V curves obtained with a single conical PI nanochannel membrane in 0.1 M solutions of 
different tetraalkylammonium chlorides. 
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CHAPTER III section 3 

 

 

Figure A 13: Channel opening shape in dependence of the sample position during etching process. SEM 
images of PI membranes (107 tracks cm-2) after 45 min symmetrical etching with etchant mixture 
composed of NaOCl / 2-PrOH (9:1), in (a) etch bath, where the sample was immersed in the etchant, and 
(b) sample fixed in between the two chambers of the etching cells. 

 

Figure A 14: Images and averaged contact angles of 3 L droplets placed on PI membranes. (a) Droplet 
of NaOCl solution placed on solvent-treated PI membranes obtained by soaking membranes for 90 min 
in water, ACN, THF, EtOH or DCM at 23°C. (b) Droplet of water, NaOCl solution and etchant mixtures 
containing a 9:1 mixture of NaOCl and organic solvents placed on PI membranes without any 
pretreatment. The contact angles were measured on the left side of the droplets. 
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Figure A 15: SEM images of PI membranes (107 tracks cm-2) etched symmetrically with NaOCl for (a) 
20 min, (b) 25 min, (c) 30 min, (d) 35 min, (e) 40 min and (f) 45 min. 

 

 

Figure A 16: SEM images of PI membranes (107 tracks cm-2) etched symmetrically with a 9:1 mixture of 
NaOCl / ACN for (a) 20 min, (b) 25 min, (c) 30 min, (d) 35 min, (e) 40 min and (f) 45 min. 
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Figure A 17: SEM images of PI membranes (107 tracks cm-2) etched symmetrically with a 9:1 mixture of 
NaOCl / THF for (a) 20 min, (b) 25 min, (c) 30 min, (d) 35 min, (e) 40 min and (f) 45 min. 

 

 

Figure A 18: SEM images of PI membranes (107 tracks cm-2) etched symmetrically with a 9:1 mixture of 
NaOCl / EtOH for (a) 20 min, (b) 25 min, (c) 30 min, (d) 35 min, (e) 40 min and (f) 45 min. 
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Figure A 19: SEM images of PI membranes (107 tracks cm-2) etched symmetrically with a 9:1 mixture of 
NaOCl / solvent for 45 min (a) DMF, (b) DMSO, (c) MeOH, (d) 2-PrOH, (e), EAc, and (f) DCM. 

Table A 2: Channel diameter D of PI membranes (107 tracks cm-2) etched symmetrically for 45 min at 50°C. 
The etchant mixture was prepared by adding different vol% of organic solvents in NaOCl solution. 

 
vol% 

ACN 

D (m) 

THF 

D (m) 

EtOH 

D (m) 

5 0.58 ± 0.03 0.28 ± 0.01 0.76 ± 0.02 

10 1.22 ± 0.04 1.70 ± 0.06 2.32 ± 0.13 

20 2.00 ± 0.04 2.05 ± 0.09 - 

30 1.49 ± 0.07 2.67 ± 0.16 - 

40 1.37 ± 0.06 1.14 ± 0.05 - 

 

 

Figure A 20: Symmetrical etching of PI membranes (107 tracks cm-2) with mixtures of 12% NaOCl solution 
and organic solvents at 50°C in dependence of the organic solvent compound. SEM images after 45 min 
etching with 30% and 40% of (a and b) ACN and (c and d) THF.  

Table A 3: Channel diameter D of PI membranes (107 tracks cm-2) etched symmetrically with 12% NaOCl 
solution and 9:1 mixtures of NaOCl / solvents for 45 min at different temperatures. 

 
T (°C) 

NaOCl 

D (m) 

ACN 

D (m) 

THF 

D (m) 

EtOH 

D (m) 

DCM 

D (m) 

23 - 0.036 ± 0.002 - - - 

35 0.060 ± 0.001 0.32 ± 0.04 0.45 ± 0.03 0.47 ± 0.04 0.14 ± 0.01 

50 0.43 ± 0.02 1.22 ± 0.04 1.70 ± 0.06 2.32 ± 0.13 0.81 ± 0.04 
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Figure A 21: Symmetrical etching of PI membranes (107 tracks cm-2) with a 9:1 mixture of NaOCl / DCM 
in dependence of the etching temperature. SEM images after 45 min etching at (a) 23°C, (b) 35°C and (c) 
50°C, and (d) the effect of the etching temperature on the channel diameter. 

 

Figure A 22: Etching curves monitored during symmetrical etching process at (a) 23°C, (b) 35 °C and (c) 
50°C with 12% NaOCl solution and 9:1 mixtures of NaOCl / solvents showing the breakthrough current 
related to the track-etch rates. 

 

Figure A 23: SEM images of PI membranes (107 tracks cm-2) etched symmetrically for 45 min at 50°C with 
(a) NaOCl solution, (b) a 9:1 mixture of NaOCl / EtOH, (c) NaOCl solution after solvent-treatment with 
DMF, and (d) NaOCl solution after solvent-treatment with THF. 
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CHAPTER III section 4 

 

  

Figure A 24: Etching curves of asymmetrical etching of single ion tracked PI membranes with NaOCl 
solution at 50°C after DMF-treatment (50°C) in dependence of the solvent exposure duration. 

 

Figure A 25: Etching and I-V characteristics of single ion irradiated PI membranes. (a) Asymmetrical 
etching with NaOCl after 1 h THF-treatment at 50°C, and I-V measurements with 0.1 M KCl electrolyte 
solution of a (b) symmetrically and (c) asymmetrically etched PI membrane. 
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Figure A 26: Symmetrical etching of a single ion irradiated PI membrane. (a) Etching curve for symmetrical 
etching with 9:1 NaOCl / ACN mixture at 50°C, and (b) I-V curve for 0.1 M KCl electrolyte solution. 

 

Figure A 27: Symmetrical etching of a single ion irradiated PI membrane. (a) Etching curve for symmetrical 
etching with 9:1 NaOCl / THF mixture at 50°C, and (b) I-V curve for 0.1 M KCl electrolyte solution. 
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Figure A 28: (a) Etching curves and (b) I-V curves in 0.1 M KCl for asymmetrical etching of single ion 
irradiated PI membranes using a 7:3 NaOCl / ACN etchant mixture at 50°C. 
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CHAPTER IV 

 

 

Figure A 29: I-V curves of unmodified and modified conical nanochannels with (a) EDA (d = 16 nm, D = 
320 nm) and PAMAM (b) G0 (d = 18 nm, D = 470 nm), (c) G1 (d = 20 nm, D = 300 nm), (d) G2 (d = 16 nm, 
D = 340 nm) and (e) G3 (d = 18 nm, D = 360 nm) in 0.1 M KCl solution. The experimental rectification 
ratios of the same channel before (r0) and after (r) modification are shown. 
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Figure A 30: UV/vis-absorbance of (a) MV2+ and (b) NDS2—calibration measurements, and (c) respective 
calibration curves.  

 

Figure A 31: SEM image of a symmetrically etched PET membrane (107 tracks cm-2) using 2 M NaOH 
solution at 50°C for 20 min. 



 

 150 

 

Figure A 32: UV/vis-absorption spectra of analyte diffusion for unmodified and PAMAM G0 modified 
membranes with 0.5∙107 cylindrical nanochannels and a diameter of around 100 nm at pH 5.5 ± 0.1 in 
case of MV2+ (a) before and (b) after functionalization, and in case of NDS2- (c) before and (d) after 
modification with PAMAM G0. (e) Corresponding permeation of MV2+ and NDS2- prior and after 
modification. (f) Comparison of diffusion rates after 6 min of diffusion time before and after 
modification. 



 

           151 

 

Figure A 33: UV/vis-absorption spectra of analyte diffusion for unmodified and PAMAM G1 modified 
membranes with 0.5∙107 cylindrical nanochannels and a diameter of around 100 nm at pH 5.5 ± 0.1 in 
case of MV2+ (a) before and (b) after modification, and in case of NDS2- (c) before and (d) after 
modification with PAMAM G1. (e) Corresponding permeation of MV2+ and NDS2- prior and after 
modification. (f) Comparison of diffusion rates after 6 min of diffusion time before and after 
modification. 
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Figure A 34: UV/vis-absorption spectra of analyte diffusion for unmodified and PAMAM G2 modified 
membranes with 0.5∙107 cylindrical nanochannels and a diameter of around 100 nm at pH 5.5 ± 0.1 in 
case of MV2+ (a) before and (b) after modification, and in case of NDS2- (c) before and (d) after 
modification with PAMAM G2. (e) Corresponding permeation of MV2+ and NDS2- prior and after 
modification. (f) Comparison of diffusion rates after 6 min of diffusion time before and after 
modification. 



 

           153 

 

Figure A 35: UV/vis-absorption spectra of analyte diffusion for unmodified and PAMAM G3 modified 
membranes with 0.5∙107 cylindrical nanochannels and a diameter of around 100 nm at pH 5.5 ± 0.1 in 
case of MV2+ (a) before and (b) after modification, and in case of NDS2- (c) before and (d) after 
modification with PAMAM G3. (e) Corresponding permeation of MV2+ and NDS2- prior and after 
modification. (f) Comparison of diffusion rates after 6 min of diffusion time before and after 
modification. 
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Figure A 36: I-V curves of two unmodified conical single nanochannel membranes in 0.1 M KCl solution 
(pH 5.5 ± 0.1) under (a) symmetrical and (b) asymmetrical electrolyte conditions before and after 
exposure to varying concentrations of PAMAM dendrimer G3 dissolved in the electrolyte solution.  

 

Table A 4: Ion current rectification ratio r =|(I(+2 V))/(I(-2 V))|for varying dendrimer concentrations in 
0.1 M KCl electrolyte solution at pH 5.5 under symmetrical and asymmetrical electrolyte conditions. I-V 
curves were measured for PET membranes containing one conically shaped nanochannel. 

 symmetric asymmetric 

concentration  G0 G1 G2 G3 G0 G1 G2 G3 

0 M 7.93 8.89 7.70 8.56 7.93 8.89 7.70 8.56 

1 nM 8.31 13.03 14.50 6.03 8.24 8.93 9.91 9.10 

10 nM 6.56 11.67 7.91 10.50 6.08 12.49 11.58 8.80 

100 nM 6.30 12.81 11.17 9.04 7.07 10.45 10.15 9.23 

1 M 4.80 15.11 11.38 4.50 5.16 7.26 14.33 7.08 

10M 4.46 18.11 7.15 2.00 5.16 15.04 6.13 3.80 

100 M 4.87 6.73 1.79 0.65 4.77 9.40 2.72 1.49 

1 mM 3.39 1.22 0.39 0.72 2.50 2.11 1.09 0.57 
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Figure A 37: I-V curves of unmodified, single conical nanochannel membranes in mixed solutions of 0.1 M 
KCl (pH 10) and varying concentrations of (a and c) G0 and (b and d) G3 PAMAM dendrimers under (left) 
symmetrical and (right) asymmetrical electrolyte conditions. 
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CHAPTER V 

 

 

Figure A 38: The bulk conductance of 0.1 M LiClO4 electrolyte solution as a function of the aprotic solvent 
mole fraction in water. 

 

Figure A 39: I-V curves of single cylindrical PET nanochannel membranes exposed to a 0.1 M LiClO4 

electrolyte solution prepared in (a) water and (b) anhydrous acetonitrile solvent, and (c) the respective 
membrane conductance at +2 V. 
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Figure A 40: (a) The voltage versus time input signal and the (b) resulting ion current time trace for a 
single conical PI nanochannel membrane in anhydrous ACN and PC solutions. 

 

Figure A 41: Ion current time traces of a single conical PET nanochannel membrane in a 0.1 M KPF6 
solution prepared in (a) anhydrous PC solvent and PC / water mixtures with (b) 1%, (c) 3%, (d) 5%, (e) 
7% and (f) 10% water content. 
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Figure A 42: I-V curves obtained with a single conical PI nanochannel membrane in a 0.1 M solution of 
alkylammonium chloride prepared in (a) water and (b) anhydrous PC. 

 

Figure A 43: I-V curves obtained with a single conical PET nanochannel membrane in a 0.1 M solution of 
different alkylammonium chloride salts prepared in (a) water, and anhydrous (b) ACN and (c) PC. 
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