
 

 

Construction of biocompatible and electrically 

conductive coatings consisting of carbon nanotubes 

and polyelectrolytes 

 

Inauguraldissertation 

 

 

zur  

Erlangung des akademischen Grades 

Doktor der Naturwissenschaften (Dr. rer. nat.) 

der 

Mathematisch-Naturwissenschaftlichen Fakultät 

der 

Universität Greifswald 

 

 

 

vorgelegt von 

Sven Neuber 

 

 

 

Greifswald, 27. Oktober 2023 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Dekan*in:  Prof. Dr. Gerald Kerth…………………………………. 

1. Gutachter*in: Prof. Dr. Christiane A. Helm………………………….. 

2. Gutachter*in: Prof. Dr. Svetlana Sukhishvili………………………… 

 

Tag der Promotion: 1. Februar 2024…………………………………………..  



Table of Contents 

 

 

 
 

Table of Contents 

1 Introduction ................................................................................................................................... 1 

2 Theoretical background and methods ....................................................................................... 6 

2.1 Theoretical background .......................................................................................................... 6 

2.1.1 Polymers: structure, synthesis, and characteristics ..................................................... 6 

2.1.2 Carbon nanotubes (CNTs): structure, synthesis, properties, and chemical 

modification ................................................................................................................................ 11 

2.2 Methods .................................................................................................................................. 15 

2.2.1 X-ray Photoelectron Spectroscopy (XPS) .................................................................... 15 

2.2.2 Carbon nanotube / Polyelectrolyte multilayer – buildup ........................................ 16 

2.2.3 Atomic Force Microscopy (AFM) – a technique to characterize surface 

topography, roughness, and on a microscopic level static electric charge ......................... 17 

2.2.4 Streaming potential – a method to characterize the dynamic electrical surface zeta 

potential on a macroscopic level .............................................................................................. 21 

2.2.5 Ellipsometry – a method to determine film thickness .............................................. 22 

2.2.6 UV-Vis-NIR spectroscopy – a method to determine CNT surface coverage ........ 26 

2.2.7 Characterization of electrical properties of CNT/PE multilayer films ................... 27 

3 Article conclusions ..................................................................................................................... 28 

3.1 Neuber, S., Sill, A., Efthimiopoulos, I., Nestler, P., Fricke, K., & Helm, C. A. (2022). 

Influence of molecular weight of polycation polydimethyldiallylammonium and carbon 

nanotube content on the electric conductivity of layer-by-layer films. Thin Solid Films, 745, 

139103. .............................................................................................................................................. 28 

3.2 Neuber, S., Sill, A., Ahrens, H., Quade, A., & Helm, C. A. Influence of Different 

Solutions on Electrically Conductive Films Composed of Carbon Nanotubes and 

Polydimethyldiallylammonium. ACS Applied Engineering Materials 2023 1 (6), 1493-1503

 28 

3.3 Azinfar, A., Neuber, S., Vancova, M., Sterba, J., Stranak, V., & Helm, C. A. (2021). Self-

Patterning Polyelectrolyte Multilayer Films: Influence of Deposition Steps and Drying in a 

Vacuum. Langmuir, 37(35), 10490-10498. ................................................................................... 29 

3.4 Mohamad, H. S., Neuber, S., & Helm, C. A. (2019). Surface forces of asymmetrically 

grown polyelectrolyte multilayers: searching for the charges. Langmuir, 35(48), 15491-

15499. ................................................................................................................................................ 30 

3.5 Gruening, M., Neuber, S., Nestler, P., Lehnfeld, J., Dubs, M., Fricke, K., ... & Nebe, J. B. 

(2020). Enhancement of Intracellular Calcium Ion Mobilization by Moderately but Not 

Highly Positive Material Surface Charges. Frontiers in bioengineering and biotechnology, 8, 

1016. .................................................................................................................................................. 31 



Table of Contents 

 

 

 
 

4 Summary ...................................................................................................................................... 32 

5 References .................................................................................................................................... 36 

6 Abbreviations .............................................................................................................................. 45 

7 Symbol dictionary ...................................................................................................................... 47 

8 Author contributions ................................................................................................................. 50 

9 Publications ................................................................................................................................. 52 

9.1 Publications published in peer-reviewed journals ........................................................... 52 

9.2 Further scientific achievements ......................................................................................... 115 

9.2.1 Publications published in peer-reviewed journals .................................................. 115 

9.2.2 Manuscripts in preparation ........................................................................................ 115 

9.2.3 Conference talk ............................................................................................................. 115 

9.2.4 Poster presentations ..................................................................................................... 115 

 

 

 

 

 

 

 



1 Introduction 

 

 

1 
 

1 Introduction 

Biological tissues in the body stop functioning at certain times due to aging, sickness, trauma, 

degeneration, and accidents.1 In particular, bone defects due to fractures, infections, or tumor 

resections are often responsible for disability, especially in an aging society, which results in a 

loss of quality of life.2, 3 In the past decades, biomaterials in various applications have been 

used as a remedy in the medical and dental fields. Particularly, in modern orthopedy, which 

opened up a lot of therapy possibilities including the usage of modified implants. In most 

cases, the basic material for such implants is titanium due to its good mechanical properties, 

chemical stability, and biocompatibility.4, 5 To further improve the bioactivity of these 

titanium-based implants, i.e., increasing cell-surface interactions, an additional physical or 

chemical modification of their respective surface needs to be done.  

Thin organic films coated on surfaces are of increasing importance when it comes to material 

functionalization.6-8 First, they have to be highly biocompatible, due to their components, and 

second, their properties can be tuned through film composition in a targeted manner. 

Understanding these fundamentals from a scientific and engineering standpoint is highly 

interesting. Especially, regarding the needs of cell adhesion and proliferation. Therefore, it is 

necessary to understand and eventually control the film parameters such as topography, 

thickness, roughness, and electrical behavior to provide cells with a suitable and stable implant 

surface.  

When it comes to well-studied and widely used biocompatible thin films, polyelectrolyte 

multilayers (PEMs) are often used. They are formed through polyelectrolytes (PE), polymers 

whose repeating units bear a charged functional group. To prepare them on solid surfaces in 

a controlled way, sequential adsorption of oppositely charged PEs is often used.9, 10 When it 

comes to the preparation of PEMs, the now well-known Layer-by-Layer (LbL) technique11, 12 

plays an important role. This adsorption technique offers an easy and inexpensive process for 

multilayer formation and allows a variety of nano-materials to be incorporated within the film 

structure. Regarding tunable implant surfaces, the incorporation of different materials is 

interesting from an engineering standpoint. The literature shows, that for example cell 

adhesion and proliferation can be improved by stimulation with an electrical field.13, 14 Pure 

PEMs are mostly not able to provide this kind of film characteristic or to be precise not in the 

desired and stable capacity.  

By incorporating additional materials, such as carbon nanotubes (CNTs), into the film, 

electrical capability can be gained. These tubes made out of carbon can be produced in single- 

and multi-walled conformations with diameters of 1 nm up to less than 100 nm. One of their 

advantages is remarkable electrical conductivity,15, 16 exceptional tensile strength, and thermal 

conductivity.17, 18 All of them are bonded to their nanostructure and the strength of the bonds 

between carbon atoms. Additionally, CNTs can be chemically modified, which opens up the 

opportunity to use them as macroions in the preparation of LbL films.  
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To understand the build-up of such films consisting of PEs and CNTs for implant surfaces, 

binding mechanisms, and a variety of other parameters (e.g., solubility, surface alignment, 

roughness, molecular weight, and electrical properties) need to be investigated and analyzed. 

Preparing electrically conductive multilayers is nothing new. There are multiple examples of 

such composite materials.19-21 However, when it comes to implant surfaces, biocompatibility, 

and an electrically conductive surface are the main focuses.22, 23 The question that arises is: Is it 

possible to create/prepare such films with the LbL technique in combination with PEs and 

CNTs and control their topographic and electrical characteristics?  

Article 1 engaged with this challenge. Films prepared with a strong linear polycation 

poly(diallyldimethylammonium chloride) (PDADMA) and chemically modified single- 

/multi-walled CNTs, as negatively charged macroions, were investigated and analyzed. Used 

were PDADMA with high and low molecular weights and CNT suspensions with different 

concentrations. Thus, a variation of preparation conditions and film compositions was 

established. CNT modification, the addition of functional groups, was analyzed with X-ray 

photoelectron spectroscopy (XPS). Film growth, like thickness and roughness as a function of 

deposited PDADMA/CNT bilayers, was observed with Atomic Force Microscopy (AFM) and 

Ellipsometry. The surface coverage was analyzed with the Vis-NIR absorption spectroscopy 

(Vis-NIR). Electrical properties were measured with a multimeter. This allowed an 

understanding of the interaction between positively charged PEs and negatively charged 

CNTs. It also gave insights into the film topography including CNT surface orientation, film 

roughness, PE/CNT coverage rate, and electrical film parameters (resistance 𝑅, sheet resistance 

𝑅𝑠, conductivity 𝜎) in air. Thereby, all characteristics can be influenced and controlled by the 

number of deposited layer pairs and thus the film thickness. 

Since the preparation of stable electrically conductive thin films in combination with 

PDADMA and CNTs, in a controlled way, now was possible, we started to investigate the film 

behavior regarding its implementation as implant coating for medical applications.24, 25 Under 

normal circumstances, implants, which are used for i.e., bone or jaw fractures are often 

surrounded by an aqueous medium (i.e., blood or saliva) when inserted into the human body. 

In PEMs, the molecules are bound through electrostatic forces of the repeating units. These 

units/ions tend to hydrate in aqueous environments. If this effect occurs, the ions are 

surrounded by a hydration shell. This results in film swelling and thereby in the reduction of 

CNT/CNT contact points which highly influences and reduces the film conductivity.20 To 

prevent the effect, it is necessary to suppress the swelling and with it the ion hydration. The 

question is: Are films prepared with PDADMA and CNTs stable and controllable when 

immersed in a biological aqueous environment regarding their characteristics and is there a 

hydration/swelling effect? To answer this question, we immersed our coated samples in three 

different media (solutions) and compared the results with their respective dry state (in-air, 

ambient conditions), represented in Article 2.  
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A Phosphate-buffered saline solution (PBS), which is commonly applied in biological research 

was used to match the osmolarity and ion concentration of the human body.  

To simulate a pure cell growth environment, Dulbecco’s Modified Eagle’s Medium (DMEM), 

a widely used basal medium for supporting the growth of many different mammalian cells 

was applied. As a comparison, the saline solution of sodium chloride was used. Investigated 

was the behavior of the immersed films regarding cohesion, PE swelling, and electrostatic 

attraction between oppositely charged functional groups of PDADMA and CNTs via AFM, 

Vis-NIR, Ellipsometry, and a multimeter. The results were correlated with their respective 

electrical properties, like resistance 𝑅, sheet resistance 𝑅𝑠, and electrical conductivity 𝜎 in 

dependence on the number of deposited PDADMA/CNT bilayers. Being able to prepare stable 

and cohesive films (in air and aqueous solutions) with tunable topographies and electrical 

characteristics (Article 1 and Article 2) opened up new modification possibilities when it 

comes to biocompatibility.  

The literature showed that uncovered carbon nanotubes tend to be cytotoxic when they come 

into direct contact with cells.26-28 Therefore, we consider films prepared with PEs and CNTs 

mentioned in the first two articles as a base layer, which needs an additional one to cover the 

CNTs completely to prevent direct cell contact. This begs the question: Is it possible to create 

a biocompatible surface film with a potential preferential lateral topography for an 

improvement in cell adhesion and proliferation with the help of PEMs? 

Under normal circumstances, cells prefer a rather rough and structured surface.29 PEM films 

are not just biocompatible but have also a roughness that could promote cell adhesion and 

proliferation.30, 31 Thus, they could be used as a top layer for the previously mentioned PE/CNT 

base layer. In Article 3 the lateral morphology of PEMs is investigated to create a tunable and 

controllable surface structure. To be exact the self-patterning of polyelectrolyte multilayers 

consisting of PDADMA and poly(styrene sulfonate) sodium salt (PSS) is investigated. Self-

patterning of the polymer film surfaces can be modified via i.e., external fields,32 or through 

the use of self-assembly.33-35 Investigated was the second case, an increased roughness due to 

pattern formation during the film build-up. Tanaka et al showed for freshly prepared gel films 

that patterning only occurred during the drying phase. Also, a decrease in the film volume 

due to asymmetric stress (films could only shrink vertically and not laterally) was observed. 

He also concluded that the formation of the surface pattern of drying gels was enabled by the 

movement of water molecules.36 In LBL films, the asymmetric stress is dictated by the 

conformation of the adsorbed PEs. These films also can only expand in the direction 

perpendicular to the substrate during the preparation, just like a drying gel.  

To find out whether the same physical laws of drying gel films apply to LBL film, films were 

built with the LbL technique with a mobile species in the form of a polyelectrolyte. During the 

preparation, the film traverses through different growth regimes.37 
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The behaviors at each state regarding the topographic structure and rearrangements were 

monitored via AFM in air and water, X-ray reflectometry (X-ray), and Scanning Electron 

Microscopy (SEM). The results are presented as a function of deposited PDADMA/PSS 

bilayers. Also, for both PEs a high and low molecular weight was used to get insight into their 

possible mobility and structural influence.  

Not only the surface structure influences cell adhesion and proliferation, but above all the 

surface charge is an important factor, when it comes to biocompatibility.38, 39 It is one of the 

main reasons for cells to attach and stay on a surface or not. Therefore, it is desirable to be able 

to tune and be flexible with these charges, because different cells favor different surface 

characteristics.40, 41 Being able to tune the topographic structure described in Article 3, the next 

question is: Is it possible to create surface charges, that are suitable for cells, and are PEMs an 

alternative and suitable system? 

To answer the question, PEM conformation, and their respective surface charges were 

investigated in Article 4. Using the LbL technique, films are prepared from strong 

polyelectrolytes with a low (PDADMA) and a high (PSS) linear charge density solved in 

0.1 molar NaCl with respect to the monomer concentration. Film topography was observed 

with AFM. We additionally performed force measurements with the Colloidal Probe 

technique (CP) in the asymmetric conformation. Here, a PEM-covered surface is pressed 

against a silica nanoparticle, freshly cleaned, and negatively charged or covered with 

positively charged poly(ethylenimine) (PEI), a branched polyelectrolyte that adsorbs flatly. 

PEM and CP are immersed in a solution, starting with deionized water, then the solution is 

enriched up to 1 M NaCl to modify the electrostatic force between PEM and CP. The deflection 

from the cantilever in combination with Hooke’s law, the force acting on the CP can be 

determined. With the DLVO theory, developed by Derjaguin B.V., Landau L.D. (1941)42 and 

Vervey E.J.K., Overbeek J.T.G. (1948),43 considering the NaCl concentration, the surface 

potential can be deduced. Based on this potential, according to the Graham equation, the 

surface charge density can be calculated. Additionally, it can be determined if the 

polyelectrolyte chains are tightly bonded to the film surface or protrude into the solution. In 

the latter case, the theory of PE brushes applies.44, 45 Thereby, PE brushes are assemblies of 

charged polymer chains tethered or grafted by one of their extremities to a surface or to a 

backbone of another polymer chain. The latter is also referred as the bottle brush polymer.46   

After getting information about the surface charge behavior of PEMs at different conditions, 

we can now investigate if they have the same or similar influence on cells, given cell adhesion 

and proliferation. As mentioned before, cells prefer a variety of different surface charges, 

which have to be determined specifically for each cell type.47-49 Through a variation of PEM 

compositions different surface conditions and charges can be created.  

The question is: Are these surface conditions provided by PEMs sufficient and in a range that 

affects cells positively when it comes to cell adhesion and proliferation?  
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Therefore, in Article 5 we investigated the possibility of an enhancement of intracellular 

calcium ion mobilization, which correlates with cell activity. A variety of different surface 

coatings was employed to modify titan (Ti) surfaces to achieve different surface charges. These 

were created through extracellular matrix (ECM) proteins (Collage I, Matrigel), a peptide 

sequence of Arginyl-Glycyl-Aspartic (RGD), amino polymers (plasma polymerized allylamine 

(PPAAm), poly(ethylene imine) (PEI), poly(propylene imine) dendrimer generation 4 (PPI-

G4), (3-aminopropyl)triethoxysilan (APTES)), and PEM prepared with PDADMA and PSS. 

Surface characteristics were investigated via the streaming potential for the surface zeta 

potential, the sessile drop method for wettability, null ellipsometry for layer thicknesses, and 

X-ray photoelectron spectroscopy (XPS) for the elemental composition. The investigation of 

the cell biology was done with Scanning Electron Microscopy (SEM) for cell morphology, 

fluorescence microscopic images were used for cell circularity, an MTS assay for cell viability, 

and the intracellular Ca2+ mobilization was specified via adenosine 5’-triphosphate (ATP) 

concentration. Results were statistically evaluated through non-parametric Kruskal-Wallis 

followed by Dunn’s multiple comparisons tests or non-parametric Wilcoxon matched-pairs 

signed-rank test. 

 

The achieved results could answer the questions previously mentioned. In the last section, 

further experiments and projects which are currently under development are described. These 

additional results will further clarify if a combination of a CNT/PDADMA film as a bottom 

layer, providing electrical stimulation, and PEMs as the top layer, providing surface structure 

and surface charge, is suitable for implant surfaces. In the next section, the theoretical 

background and methods are described in more detail.  
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2 Theoretical background and methods 

2.1 Theoretical background 

2.1.1 Polymers: structure, synthesis, and characteristics  

Since life began, polymers existed in natural forms, such as DNA, RNA, proteins, and 

polysaccharides which play crucial roles in plant and animal life. From the beginning, 

naturally occurring polymers have been exploited as materials for eating, clothing, decoration, 

shelter, tools, writing materials, and other requirements.50 In modern-day, especially in 

science, a polymer is a substance or material that consists of large macromolecules, which are 

multiples of simpler chemical units called monomers, low-molecular and reactive molecules.50 

They can occur in a linear, cyclic, branched, or network structure (c.f. Table 1). One of their 

main advantages is their broad spectrum of properties that allows them to play essential and 

ubiquitous roles in everyday life.51  

Table 1. Representative structure of linear, cyclic, branched, and network-forming polymers. 

 

 

 

 

 

To synthesize such large macromolecules a process called polymerization is necessary. Here, 

monomer molecules are combined in a chemical reaction to form chains or three-dimensional 

networks. There are multiple types of polymerizations i.e., step-growth, chain-growth, or 

photopolymerization.50, 52, 53 One of the most common and industrial used ones is chain-growth 

polymerization, especially the free radical one.54 This is a technique where unsaturated 

monomer molecules sequentially attach to the active site of a growing polymer chain.55 The 

process itself involves 3 types of reactions: Initiation, Propagation, and Termination.  

Here, a free radical is used as an intermediate that can continue the reaction by chain 

propagation. In the beginning, the chain will be seen as an addition of a radical R∙ onto a 

monomer M, which then leads to an R−M1
∙  radical. 

𝑅∙ + 𝑀 → 𝑅 − 𝑀1
∙  

For the initiation there are two possibilities for addition: 

  𝑅∙ + 𝐶𝐻2=𝐶𝐻𝑋 → 𝑅-𝐶𝐻2-𝐶̇𝐻𝑋  (I) 

  → 𝑅-𝐶𝐻𝑋-𝐶̇𝐻2  (II) 

Linear Cyclic Branched Network 
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Following the initiation, the next step is propagation. The chain growth starts/continues 

through the addition of more monomers on a R − M1
∙  radical: 

𝑅 − 𝑀1
∙ + 𝑀 →  𝑅 − 𝑀2

∙  

or, more general   𝑅 − 𝑀𝑖
∙ + 𝑀 →  𝑅 − 𝑀𝑖+1

∙       

with 𝑀𝑖 number of monomers within the radical. The average growth rate is approximately 

one addition per millisecond. Here, again are two forms of addition: 

𝑅-𝐶𝐻2-𝐶̇𝐻𝑋 + 𝐶𝐻2=𝐶𝐻𝑋 → 𝑅-𝐶𝐻2-𝐶𝐻𝑋-𝐶𝐻2-𝐶̇𝐻𝑋  (I) 

                 → 𝑅-𝐶𝐻2-𝐶𝐻𝑋-𝐶𝐻𝑋-𝐶̇𝐻2 .  (II) 

The final process is termination, which can take place by recombination (a) or 

disproportionation (b): 

𝐶𝐻2-𝐶̇𝐻𝑋 + 𝐶̇𝐻𝑋-𝐶𝐻2               →            𝐶𝐻2-𝐶𝐻𝑋- 𝐶𝐻𝑋-𝐶𝐻2  (a) 

𝐶𝐻2-𝐶̇𝐻𝑋 + 𝐶̇𝐻𝑋-𝐶𝐻2               →            𝐶𝐻2-𝐶𝐻2𝑋 + 𝐶𝐻𝑋=𝐶𝐻     . (b)  

In the end, free-radical chain-growth polymerization is a cheap technique that allows the 

production of polymers with large variations in chain length. Therefore, the main ways to 

change and tune the properties of polymers lie in the processing conditions. These are i.e., 

temperature, pressure, the solvent in which the polymer is polymerized, type of monomer 

units used, the concentration of monomers in the reaction, the reagent to initiate the 

polymerization, and how they are collected. Additional classification of polymers takes place 

according to their structural arrangement and number of monomer units. Here, the 

characteristics of a polymer regarding the number-average molecular weight 𝑀𝑛 and weight-

average molecular weight 𝑀𝑤 are used. They are defined as followed 

𝑀𝑛 =
∑ 𝑛𝑖𝑀𝑖𝑖

∑ 𝑛𝑖𝑖
    

𝑀𝑤 =
∑ 𝑛𝑖𝑀𝑖

2
𝑖

∑ 𝑛𝑖𝑀𝑖𝑖
 . 

Thereby, 𝑀𝑖 is the molecular weight of a chain, 𝑛𝑖 is the number of chains of molecular weight 

𝑀𝑖, and 𝑖 is the number of monomers.56 Knowing these two molecule characteristics allows to 

define the number of monomer units in a polymer after their synthesis. The number is defined 

as the degree of polymerization 𝑋. For a homopolymer, 𝑋 can be calculated as number-average 

𝑋𝑛 or weight-average 𝑋𝑤 degree of polymerization as followed 

𝑋𝑛 =
𝑀𝑛

𝑀0
    

𝑋𝑤 =
𝑀𝑤

𝑀0
 , 
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with 𝑀0 the molecular weight of the repeating unit or monomer.54 Additionally, polydisperse 

systems provide information of the heterogeneity of a sample based on size.  

Polydispersity occurs due to size distribution in a sample, agglomeration, or aggregation of 

the sample during isolation or analysis.  

With the help of Dynamic Light Scattering (DLS), the Polydispersity Index (PDI) can be 

obtained. It provides the broadness of molecular weight distribution and is defined as  

𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛
 . 

The larger the PDI, the broader the molecular weight. Monodisperse polymers, where all chain 

lengths are the same i.e., protein, have a 𝑃𝐷𝐼 of 1.56  

Another important point in molecular physics to characterize polymers is the contour length 

𝑙𝑐𝑜𝑛𝑡 (c.f. Figure 1). It describes the maximum end-to-end distance of a linear polymer chain57 

and is calculated through 𝑛 (number of monomer bonds) multiplied by 𝑙 (length of a single 

monomer unit). 

 

Figure 1. Description of the contour length lcont. 

One factor, which affects the contour length of a polymer is the bonding angle 𝜃𝑏𝑜𝑛𝑑 between 

monomers (c.f. Figure 2). The maximum chain length 𝑙𝑚𝑎𝑥 for a fixed bonding angle 𝜃𝑏𝑜𝑛𝑑 can 

be calculated as  

𝑙𝑚𝑎𝑥 = 𝑛 ∙ 𝑙 ∙ 𝑠𝑖𝑛(𝜃𝑏𝑜𝑛𝑑 ⁄ 2). 

Is 𝜃𝑏𝑜𝑛𝑑  arbitrary, instead of 𝑙𝑐𝑜𝑛𝑡, the average end-to-end chain distance ⟨𝑟2⟩
1

2 will be 

determined. With n segments ⟨𝑟2⟩ is determined as  

⟨𝑟2⟩ = 𝑛 ∙ 𝑙2 . 

Due to the entanglement, the size of the polymer is significant shortened. In this case, the 

average distance of all chain parts to the chain center is described through the radius of 

gyration ⟨𝑠2⟩
1

2. Thereby, the relation between the average chain distance and the radius of 

gyrations is as follows 

⟨𝑟2⟩
1
2 = 6 ∙ ⟨𝑠2⟩

1
2  . 
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Figure 2. Description of the polymer length depending on the bond angle 𝜃𝑏𝑜𝑛𝑑 : (a) fixed and (b) arbitrary. 

This work used polyelectrolytes (PEs), polymers featuring electrolyte groups within a 

repeated unit structure (c.f. Table 2). They can be categorized as neutral (i.e., polypeptides), 

modified neutral (i.e., cellulose), and synthetic (i.e., polystyrene sulfonate (PSS)).58 A special 

characteristic is the dissociation of the electrolyte groups in solution where they split into 

polyions and their monovalent counterions, whereby the PE chain becomes charged. These 

types include cationic, anionic, and zwitterionic charges, which are important for i.e., in our 

case, the buildup of polyelectrolyte multilayers (PEMs).59 

Table 2. Used polyelectrolytes and characteristics: structure, polydispersity index (PDI), degree of polymerization 

Xn, average molecular weights Mw, and length per monomer. 

 PDADMA PSS PEI 

Structure 

 
 

 

Linear Linear Branched 

Mw / kDa 44.3, 322 666 750 

PDI 1.99, 2.19 < 1.2 > 2 

Xn 274, 1992 3230 - 

Monomer length / nm 0.54 0.25 - 

 

Putting PEs into solution, it is important to understand their state of dissociation that 

determines the strength of the respective PE. Here, the strength of a PE is determined by the 

linear charge density and its dependency/independency on the pH of the solution. Usually, 

PEs are discriminated between weak and strong ones.  
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PEs with weakly acidic or basic groups, which are protonated or deprotonated depending on 

the pH of the surrounding medium, are described as weak. Here, the charge density depends 

on the pH of the surrounding medium. In contrast, a strong polyelectrolyte dissociates 

completely in solution for most reasonable pH values. 

For example, in this case, PDADMA and PSS are considered strong PEs, whereas PEI is 

considered weak.60 The dissociation of PEs in a solution, results in charged monomers. If these 

charges are not compensated 1:1 by their respective counterions or additionally through the 

ionic strength of the surrounding solution, they repel each other due to electrostatic forces. 

Thereby, the PE is stretched and disentangled in a low ionic density environment. Increasing 

the ionic strength of the solution results in a 1:1 charge compensation that causes more 

compact and entangled molecules (c.f. Figure 3). For the charge of individual monomers, the 

diffusion of counterions into solution is prevented by strong electrostatic forces.  

Thus, a few counterions condensate in the immediate environment of the polymer, which 

leads to a reduced linear charge density of the PE and an increasing distance between two 

monomer charges. The Bjerrum length 𝜆𝐵, the separation at which the electrostatic interaction 

energy between two elementary charges is comparable in magnitude to the thermal energy 

𝑘𝑏𝑇, gives insights into the range of electrostatic forces between two monovalent charges. In 

Gaussian units with 4𝜋𝜀0 (with 𝜀0 the vacuum permittivity) = 1, 𝜆𝐵 is described as 

𝜆𝐵 =
𝑒2

𝜀𝑟𝑘𝐵𝑇
 ,  

where 𝑒 is the elementary charge, 𝜀𝑟 the relative dielectric constant of the medium, 𝑘𝐵 the 

Boltzmann constant, and 𝑇 is the absolute temperature in Kelvin. Additionally, to electrostatic 

interactions, an effect called shielding occurs, when PEs dissolve in solution (i.e., salt). Here, 

the polycation/polyanion charges are shielded by the oppositely charged ions of the solvent. 

The monovalent ions form a charge-compensating cloud around the charged polyions. 

Thereby, the Debye length 𝜆𝐷, a measure of a charge carrier’s net electrostatic effect in solution 

and his persistence,61 characterizes the range of this cloud of an electrolyte as followed 

𝜆𝐷 = 𝜅−1 = √
𝜀0𝜀𝑟𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼𝑖𝑜𝑛𝑖𝑐
 

with 𝑘𝐵 the Boltzmann constant, 𝑁𝐴 the Avogadro’s number, and 𝐼𝑖𝑜𝑛𝑖𝑐 the ionic strength of 

the electrolyte. In this connection, 𝜆𝐷 primarily depends on the ionic strength of the 

surrounding environment, where small mobile ions are able to accumulate a charged PE chain. 

One distinguishes polymer sections that are bound to the surface (trains), sections that form 

loops, and end sections that can form dangling tails (c.f. Figure 4). Which type of adsorption 

occurs can be influenced by various parameters i.e., salt concentration or pH of the solution. 

https://en.wikipedia.org/wiki/PH
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Figure 3. Polyelectrolytes in solution with low and high ionic strength. 

Increasing the ionic strength of the surrounding solution causes entangled molecules, causing 

the PE charge carriers to be more shielded. Therefore, an increased adsorption of loops and 

tails takes place. Reducing the ionic strength results in more stretched PE chains due to 

intermolecular repulsion forces, whereby the chain adsorbs flat. 

 

Figure 4. Adsorption of a free-moving polymer chain and its three sections: tail, loop, and train. 

2.1.2 Carbon nanotubes (CNTs): structure, synthesis, properties, and chemical modification 

When it comes to substrate surface modifications for biological and medical applications, the 

preferred coatings have to be biocompatible and electrically conductive. Both factors are 

important i.e., regarding cell adhesion and proliferation.41, 62-64 In this work, biocompatibility is 

achieved with the help of suitable polyelectrolytes (PE) and conductivity by adding electrically 

conducting nanomaterial in the form of carbon nanotubes (CNTs). Due to their excellent 

chemical modifiability,65 mechanical,66 and electrical properties,67 the combination of CNTs 

and PEs allows the build-up of multilayer systems that are suitable for biological or medical 

needs. Two kinds of carbon nanotubes are used in this work: one is a single-walled carbon 

nanotube (SWCNT) and the other is a multi-walled carbon nanotube (MWCNT). SWCNTs 

consist of one layer of graphite with three different structure types.  

Depending on the chiral vector 𝐶ℎ, the lattice vectors 𝑎1 and 𝑎2, and the chiral angle 𝜃𝑐ℎ𝑖𝑟𝑎𝑙 the 

tube types differ between armchair, zigzag, and chiral (c.f. Figure 5). MWCNTs on the other 

side are multi-layer concentric graphite.68 The three commonly used methods to synthesize 

CNTs are Arc Discharge, Laser Ablation, and Chemical Vapor Composition. Arc Discharge is 

a technique where the electrical breakdown of a gas to generate plasma is used.  
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This technique was first practiced by Iijima in 1991.69, 70 Figure 6a shows a schematic build-up 

of an arc discharge chamber that consists of two horizontal or vertically mounted electrodes. 

Thereby, the anode is filled with powdered carbon precursor along with a catalyst, whereas 

the cathode is normally a pure graphite rod. The chamber itself is submerged inside a liquid 

environment or filled with gas. 

 

Figure 5. Schematic construction of a single-walled carbon nanotube by rolling up an infinite strip of graphite sheet. 

(a) Connection of two lattice points Olattice and Alattice on a graphene sheet via the chiral vector 𝐶ℎ = 𝑛𝑎1 + 𝑚𝑎2. 

Perpendicular to the chiral vector an infinity strip is cut through these two points. The strip then can be rolled up 

into a seamless cylinder. 𝑇 is the primitive translation vector of the nanotube. The nanotube is uniquely specified 

by the pair of integer numbers 𝑛, 𝑚 or by its radius 𝑅 = 𝐶ℎ 2𝜋⁄  and chiral angle 𝜃𝑐ℎ𝑖𝑟𝑎𝑙 which is the angle between 

𝐶ℎ and the nearest zigzag of C–C bonds. (b) Structure of an armchair tube (𝑛, 𝑛) with 𝜃𝑐ℎ𝑖𝑟𝑎𝑙 = 30°, (c) structure of 

a zigzag tube (𝑛, 0) with 𝜃𝑐ℎ𝑖𝑟𝑎𝑙 = 0°, and (d) structure of a chiral tube.71 

Using a power supply of alternating current (AC) or direct current (DC) (c.f. Figure 6b - d), the 

electrodes are brought together to generate an arc. To obtain a steady discharge they are kept 

at an intermitted gap of 1 – 2 mm. It is important to maintain a constant current to obtain a 

non-fluctuating arc, otherwise, in the case of a fluctuant one, the quality of the product (CNTs) 

is strongly influenced. 

 
Figure 6. Schematic setup of an Arc Discharge (a) and the formation of CNTs using different power supplies (b – d): 

(b) DC Arc Discharge of a continuous movement of ions and electrodes within a plasma and deposition on the 

cathode, (c) AC Arc Discharge with changing polarity of the electrodes after every cycle, and (d) Pulse Arc 

Discharge where accelerating electrons are discharged from the cathode in short pulses with time intervals between 

micro and millisecond. (adapted from Arora, N., 2014)69 
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The plasma generated through the arc current reaches temperatures between ~ 4000 – 6000 K. 

This sublimes the carbon precursor filled inside the anode. The evolving carbon vapor 

aggregates in the gas phase and moves towards the cathode where it cools down due to the 

temperature gradient. The applied arc duration time is a few minutes, then the discharge is 

stopped and the CNTs with the soot can be collected from the chamber walls.  

Laser Ablation is another method to produce CNTs with high quality and purity (c.f. Figure 7) 

and was introduced by Guo et al. 1995.72 Here, the principle and mechanism are similar to the 

arc discharge method. CNTs produced with this technique exhibit a relatively high 

crystallinity and straightness. Here the energy is generated by hitting a graphite target 

containing catalytic materials (i.e., nickel (Ni) or cobalt (Co)) with a specific laser wavelength.73 

 
Figure 7. Schematic CNT formation process with laser ablation. (adapted from Lu Z. et al. 2019)74 

Transition metals like Co or Ni are firstly doped as a catalyst into the graphite target and 

placed in the reactor. After reaching a reaction temperature of ~ 2300 K under the protection 

of an inert gas, the target is then bombarded with the laser. 

The formed gaseous carbon and catalyst particles are then transferred from the high-

temperature zone into the low-temperature zone with the help of the gas flow. During this 

time the gaseous carbon collides with each other and forms CNTs in the carrier gas under the 

action of the catalyst.  

Thereby, the performance of CNTs produced with this method is dependent on the laser 

parameters (i.e., energy fluence, peak power, pulse wave, repetition rate, etc.), pressure and 

material composition of the combustion chamber, structure and chemical composition of the 

target material, flow and pressure of the buffer gas, spacing between the target material and 

matrix, and the temperature of matrix and ambient.75 

Both Arc Discharge and Laser Ablation are methods where the crystallinity and straightness 

are high, however, these methods suffer from low yield. On the contrary, Chemical Vapor 

Deposition (CVD) is a method that reaches industrial production.74 Here, the carbon source is 

a hydrocarbon substance that is cleaved into carbon clusters on the surface of a catalyst particle 

through thermal dehydrogenation.  
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Then, these clusters are regrouped when the carbon source gas is in contact with the catalyst 

in the quartz tube at a suitable temperature (c.f. Figure 8). As a catalyst, transition metals like 

iron (Fe), cobalt (Co), nickel (Ni), molybdenum (Mo), niobium (Nb), or tantalum (Ta) are 

normally used. The advantages of this method are low costs, high yields, and an easy to control 

CNT production. The downside is the quality of the CNTs which is lower than CNTs 

synthesized with Arc Discharge or Laser Ablation.68 The properties of CNTs synthesized by 

such methods depend mostly on the atomic arrangement, tube diameter, tube length, 

morphology, or nanostructure. 

 

Figure 8. Schematic process of a chemical vapor deposition (CVD, adapted from Olga Zaytseva, 2016).76 

However, the overall cage-like shape of carbon of CNTs showed exceptional material 

properties that are the consequence of the symmetric structure. They can be subclassified in 

electrical, mechanical, and thermal properties. 

As demonstrated by many researchers CNTs display extraordinary electrical conductivity. 

SWCNTs show metallic behavior with an electrical resistivity between 5.1 x 10-6 to 1.2 x 10-4 

Ω cm.77 In combination with a known surface size the specific resistance 𝜌 can be calculated 

and thus with its inverse 1/𝜌 the conductivity. Also, each carbon atom is arranged in a 

hexagonal lattice covalently bonded to three adjacent carbon atoms through sp2 orbitals. This 

allows the fourth valence electron to remain free in each unit. These free electrons are 

delocalized on all atoms which allows them to contribute to the electrical conductivity of the 

CNT. 

Depending on the type of chirality, CNTs can be considered conductive or semi-conductive.77, 

78 When it comes to the mechanical properties CNTs are considered as some of the strongest 

material in nature due to the C-C bonds observed in graphite. Especially, in their axial 

direction CNTs are considered extremely strong.79 Its Young’s modulus is between 270 and 

950 GPa with a tensile strength between 11 and 63 GPa.68 Also, their radial elasticity is an 

important factor when it comes to the formation of CNT nanocomposites. This allows CNT 

applications i.e., in multilayer films for surface coatings. Here, they can be embedded and form 

a composite structure so the coating film can be functionalized to the scope of application. 
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Additionally, all CNTs are expected to be good thermal conductors along the tube and exhibit 

a property known as ballistic conduction.80  

This refers to the unimpeded flow of charge carriers (i.e., electrons), or energy-carrying 

particles over a relatively long distance in a material. SWCNTs at room temperature have a 

thermal conductivity along its axis of ~ 3500 W m-1 K-1,81 whereas the thermal conductivity of 

i.e., copper as a metal known for its good thermal conductivity, is 385 W m-1 K-1. The stability 

of CNTs regarding the temperature is estimated up to ~ 3000 K in vacuum and ~ 1000 K in 

air.82 

In this work, a mixture of SWCNTs/MWCNTs is used. This mixture is hydrophobic. For film 

build-up (described in part 2.2.2), the CNTs must be dissolved in water. Therefore, a chemical 

modification/functionalization was necessary. Following the procedure described in Lopez-

Oyama et al. (2014),83 the CNTs were treated with a mixture of concentrated H2SO4 and HNO3 

acid. During the process, the CNT walls are attacked by the acid mixture which creates defects 

where functional groups could be added. The outcome was a mixture of slightly negatively 

charged SWCNTs and MWCNTS with an increased dispersion in water which was necessary 

for the film preparation. 

2.2 Methods 

2.2.1 X-ray Photoelectron Spectroscopy (XPS) 

Due to the necessity of a chemical functionalization process of the carbon nanotubes (CNTs), 

mentioned in section 2.1.2, it is essential to know the nature of the CNTs functionalization i.e., 

which parts of the PEs and CNTs are able to react or bond with each other for multilayer film 

preparation. X-ray photoelectron spectroscopy (XPS) is a quantitative technique for measuring 

the elemental composition of the surface of a material, and it also identifies the binding states 

of the elements.84, 85  

 

Figure 9. Schematic representation of an XPS system (left) and photoelectron emission from a sample surface (right), 

with 𝑑 the depth of analysis, 𝜃 the take-off angle, and 𝜆 the mean free path of an electron. (adapted from Cushman 

2016)86 
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The XPS process (cf. Figure 9) is an application of the photoelectric effect. Here, electrons are 

emitted from atoms in response to impinging electromagnetic radiation. 1905 Albert Einstein 

explained the appearance of photoelectrons, produced from a material when the energy of 

impinging photons exceeds the binding energy of electrons in the material. Thereby, the 

energy is proportional to the frequency (𝜈) not the intensity or duration of exposure to the 

incident electromagnetic radiation. Also, the kinetic energy (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐) of an emitted electron is 

related to its binding energy (𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔). 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 is well known for the electrons of a specific 

atom.87 Because atoms have multiple orbitals at different energy states, the resulting response 

will be a range of emitted electrons with different binding energies which results in the XPS 

spectrum. The relations can be described as follows 

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 (ℎ𝜈) − 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 − 𝜑𝑤𝑜𝑟𝑘  , 

where 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 is the kinetic energy of the photoelectrons measured by the instrument, 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 (ℎ𝜈) is the energy of the incident photon (monochromatic X-ray in this case), 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 is 

the binding energy of a given electron, and 𝜑𝑤𝑜𝑟𝑘 is the work function, the energy difference 

between the vacuum energy (𝐸𝑣) level and the Fermi (𝐸𝑓) level of a solid used in the 

experimental set-up.88 

The energy source is a monochromatic beam of soft X-rays in an ultrahigh vacuum 

environment. Electrons are emitted from the sample and their kinetic energy and number are 

simultaneously measured by detectors. The difference between the photon energy, the sum of 

the electron kinetic energy, and the work function determines the electron binding energy.  

The work function depends on both the spectrometer and the material, so it is often treated as 

an adjustable instrumental correction factor.  

The resulting XPS spectrum shows the number of detected photoelectrons as a function of the 

binding energy. At binding energies at characteristics for the specific state of an element, a 

peak appears. The binding energies are affected by the formal oxidation state, and the local 

bonding environment such as the identity of the nearest-neighbor atoms, bonding 

hybridization to the nearest-neighbor atoms, etc. Therefore, XPS is sensitive to the chemical 

bonds of the materials and enables us to determine the chemical structure.89 

2.2.2 Carbon nanotube / Polyelectrolyte multilayer – buildup  

There are multiple techniques like spin-coating, solution casting, thermal deposition, or 

chemical self-assembly to prepare multilayers. A common one to prepare PEMs is the layer–

by–layer (LbL) method, invented by the group of Gero Decher.11, 90 It is a simple and robust 

method that does not require sophisticated equipment, precise stoichiometry, or complicated 

chemical reactions to deposit successive layers.91 

https://www.sciencedirect.com/topics/materials-science/oxidation-reaction
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In general, oppositely charged PEs (polycations/polyanions) are used which are able to build 

multilayers in a sequential adsorption process in combination with a dipping device (c.f. 

Figure 10). The build-up itself is driven by electrostatic attraction between the oppositely 

charged constituents.92  

 

Figure 10. Schematic illustration of the layer-by-layer method using a dipping device. 

However, hydrogen bonding, hydrophobic interactions, and van der Waals forces may be 

exploited to assemble LbL systems or influence the stability, morphology, and thickness of the 

films, particle/molecule depositions, and permeation properties of the film.91 

One of the main advantages of the LbL method is 

the incorporation of nano-particles as long as 

they are adequately charged and sized. This 

includes colloidal particles (i.e. gold)20, 93 or other 

nano-materials like modified CNTs94, 95 to 

produce multifunctional hybrid carrier systems 

or films. Therefore, the LbL technique met all of 

our needs and allowed us, after an initial anchor-

layer (bilayer of PEI and PSS), to prepare 

functionalized multilayers. Using modified CNTs 

(polyanion) and PDADMA (polycation) allowed the preparation of a stable netstructure, 

which enables the film to be electrically conductive, in a controlled way. Figure 11 illustrates 

a build-up of such a multilayer film. By varying the preparation conditions, film properties 

like thickness, roughness, or conductivity can be influenced, additionally. 

2.2.3 Atomic Force Microscopy (AFM) – a technique to characterize surface topography, 

roughness, and on a microscopic level static electric charge  

To investigate surface structures with high resolution and accuracy Atomic Force Microscopy 

(AFM) is one of the most suitable techniques. It is a type of Scanning Probe Microscopy (SPM) 

and can provide imaging on the scale of fractions of a nanometer vertically and down to a few 

Figure 11. Schematic build-up of a CNT/PDADMA 

film. 
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nanometers laterally.96 Another advantage is that this technique can be applied to nearly every 

sample without drastically changing the surrounding environment (i.e., vacuum or low 

temperatures). Choosing the right AFM setup, hard surfaces, such as ceramic materials,97 

dispersions of nanomaterials,98 or soft surfaces, like polymers, or individual molecules of DNA 

can be imaged.99 Therefore, using AFM allows us to gather detailed information about our 

coatings' surface topography, roughness, and electrical surface charges. 

 

Figure 12. Schema of an AFM in tapping mode (a), and actual movement of the cantilever with respect to the sample 

surface in standard tapping mode (b) and contact mode (c). 

To avoid the destruction or deformation of the fragile structure of our sample surfaces during 

topographic and roughness measurements, AFM in tapping mode was used (c.f. Figure 12a 

and b).100 Here, the cantilever vibrates slightly above its resonance frequency. At the end of the 

cantilever, where the tip is located, the vibration amplitude is typically 1 – 10 nm. While the 

vibrating cantilever is approaching the sample surface, at one point the amplitude will 

decrease due to the contact of the tip with the surface. The scanning follows the constant 

reduction of the vibrating amplitude instead of scanning at a constant deflection or height (i.e., 

contact mode). Thus, the cantilever is most of the scanning time not actually in contact with 

the sample. It only touches the surface for a very short time with a small force (≈ pN).  

Monitored are the amplitude, the frequency, and their shifts through a laser and its reflection 

(cf. Figure 12a). With the help of a mirror, the reflection is guided to a photodiode. Here, the 

incoming laser beam converts into electrical signals which then are evaluated and transferred 

into a topographic and phase image. Compared to other AFM modes, (i.e., contact mode c.f. 

Figure 12c) the tapping mode is less destructive due to the small applied force (≈ pN), and the 

very short contact time, which additionally prevents shear. 

Beyond topography and roughness, surface forces at the multilayer/water interface under in 

situ conditions are also of high interest. To obtain insights into surface forces normal AFM 

techniques like tapping- or contact-mode are not suitable, due to the high variation of the tip 

geometry.  
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However, defined interaction geometries can still be obtained for AFM by the so-called 

colloidal probe (CP) technique.101 Here, a micrometer-sized colloidal particle is attached to a 

cantilever surface (c.f. Figure 13a and b). The technique also allows a combination of 

electrochemistry and direct force measurements.102, 103  

 

Figure 13. Schematic illustration of a colloidal probe technique for direct force measurements. (a) Uncoated sphere 

interacting with a flat coated surface and (b) coated sphere interacting with a coated surface. (c) Attractive van der 

Waals forces and hardcore repulsion between a colloidal sphere and a flat surface as a function of the surface 

separation. 

It is experimentally easier to measure the interaction force between macroscopic bodies than 

their interaction potential.104 In 1934, Derjaguin105 introduced an approximation for the 

relationship between interaction energy and surface force 𝐹(𝐷) that holds when the distance 

𝐷 (or surface separation) between two spherical surfaces is much smaller than their radius of 

curvature (c.f. Figure 13c). The interaction energy per unit area W(D) can easily be calculated 

theoretically.106 The approximation is mainly suitable for the AFM CP technique. Given two 

spheres with radii 𝑅1 and 𝑅2, the interaction force between them is 

𝐹(𝐷) = 2𝜋 
𝑅1𝑅2

𝑅1 + 𝑅2
 𝑊(𝐷). 

Regarding a sphere (𝑅1 = 𝑅) interacting with a surface (𝑅2 = ∞), it is convenient to normalize 

the force in the CP technique to 𝑅. Than the interaction force is 

𝐹(𝐷) = 2𝜋 𝑅 𝑊(𝐷). 

Using the interaction force 𝐹(𝐷) in dependency of the surface separation 𝐷, electrostatic and 

steric forces, can be investigated.  

Steric forces are interaction forces that arise from the spatial arrangement of atoms. They arise 

from repulsion of groups or atoms (e.g., within a molecule) when they are too close to each 

other (simplest example are just two gas molecules at sufficient small inter-molecular 
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distances). In order to decrease this interaction, groups or atoms will move apart from the 

contact area. Generally, this will require stretching or bending of bonds with a related increase 

in energy. The final configuration is the configuration of minimum energy which will be the 

result of a compromise between the short range repulsion of molecules or atoms and the 

elastically deformation.107 

Electrostatic forces are characterized by the surface charge density and the electrostatic 

potential at the surface. Counterions are attracted to the surface (the so-called electrical double 

layer) and lead to a repulsive force between surfaces of the same charge. However, electrostatic 

interactions between two surfaces, considered individually, do not describe every experiment. 

Derjaguin, Landau, Verwey, and Overbeek further extended the theory of electrostatic forces 

and included additional van der Waals (vdW) interaction in aqueous dispersions.42, 43, 108 The 

theory, in short DLVO, is explained by the interplay of two forces: the attractive van der Waals 

force and the repulsive electrostatic double-layer force.100 It describes the coagulation of 

dispersed particles. Here, van der Waal forces promote coagulation while the double-layer 

force stabilizes the dispersion. When two surfaces approach each other, the overlap between 

the electrical double layers rises, and the coulomb repulsion increases. Also, the dispersion (or 

vdW) attraction increases. Therefore, the combination of the energies of the arising of the 

electrostatic interactions and the dispersion can be summed up to  

𝑊(𝐷) = 𝑊𝑣𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠(𝑣𝑑𝑊)(𝐷) + 𝑊𝑑𝑜𝑢𝑏𝑙𝑒 𝑙𝑎𝑦𝑒𝑟 (𝑑𝑙)(𝐷) 

With 𝑊𝑑𝑙(𝐷) is the interaction energy (per unit area) due to the electric double layer and 

𝑊𝑣𝑑𝑊(𝐷) is the attractive interaction energy (per unit area) resulting from the van der Waals 

interactions. In general, van der Waals forces always act due to the consequence of interactions 

of the fluctuating electrical dipoles of atoms and molecules. Compared to electrostatic 

interactions, the vdW potential largely is not sensitive to variations in salt concentration or pH. 

At small enough distances, the vdW attraction always exceeds the double-layer repulsion and 

is described as follows 

𝑊𝑣𝑑𝑊(𝐷) = −
𝐻

12𝜋𝐷2
 . 

Here, 𝐻 is the Hamaker constant and in most cases positive which results in an attractive vdW 

force.  

Importantly, DLVO theory is applied to describe the interaction forces between polymer 

brushes. Polymer chains are a brush-like configuration when grafted or localized at an 

interface (solid-liquid or liquid-liquid) and the distance between grafting points is way lower 

than the diameter of the free polymer coil. The proximity then triggers a special type of 

interaction between the neighboring polymer molecules, forcing them to stretch orthogonally 

to the graft interface, instead of a random coil arrangement.  
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Polyelectrolyte (PE) brushes are a special class of polymer brushes that contain charges. The 

electrostatic interaction between the charges of the polymer chains makes them far more 

repulsive than uncharged ones. A key factor of any PE brush is a strong confinement of 

counterions within the brush layer. To maintain electroneutrality counterions are confined to 

the brush at a high entropic cost. This leads to strong repulsion between segments and 

electrostatic interactions that are not present in uncharged brushes.46 

2.2.4 Streaming potential – a method to characterize the dynamic electrical surface zeta 

potential on a macroscopic level 

The Colloidal Probe (CP) technique is suitable for the measurement of electrical surface charge 

density and surface potential. However, the colloidal probe technique is a static technique, 

always equilibrium forces are measured. Therefore, another method has to be applied to 

determine the electrical surface charges when flow occurs.  

The Streaming Potential (SP) is an electrokinetic technique commonly used to study the 

surface charge density of biological membranes. When both electrodes are held at the same 

potential, the streaming current is measured directly as the electric current flowing through 

the electrodes. The streaming potential is the potential difference produced by the convective 

flow of electrolyte solution due to a pressure gradient (i.e., liquid flow) through a capillary, 

membrane, plug, or diaphragm when the electrodes on either side of the fluidic geometry are 

set to the same potential109, 110 (c.f. Figure 14). If the chamber surface is charged (i.e., through 

sample material), an electrical double layer next to the surface exhibits a local increase in 

counterion concentration. The application of the flow engenders, due to the transport of the 

mobile charges in the double layer, a streaming current, leading to a potential difference 

between the two electrodes, the streaming potential 𝛥𝑈.111  

    

Figure 14. Schematic setup for a Streaming Potential process. Measured is the pressure difference ∆𝜌, the current I, 

and the voltage drop (𝛥U).  

There are two forms the SP can take. One is the transversal SP where the flow is through a 

porous plug of material (i.e., membrane pores). The other one is the tangential SP.  
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Here, the flow is across the surface of the membrane through a channel formed by two plates 

(c.f. Figure 14). In both cases, the accumulation of counter-charges downstream generates an 

SP across the capillary and causes a conduction current through the capillary in the reverse 

direction. This opposes the mechanical transfer of charge, causing back-conduction by ion 

diffusion and electro-osmotic flow.  

The charge transfer originating from the two processes is called leak current. After reaching 

equilibrium conditions, the streaming current cancels the leak current where the occurring 

potential difference is the SP.  

The SP can be calculated experimentally by plotting the voltage difference across the 

membrane over a range of flow rates. Thus, a linear relation should be obtained.  To calculate 

the zeta potential 𝜁, a parameter for dynamic surface potentials, the gradient of the best fit 

linear line in combination with the Helmholtz-Smoluchowski equation is used. 

𝜁 =
∆𝑈

∆𝑃

𝜂𝜅

𝜀𝜀0
 

Here, 𝛥𝑈/𝛥𝑃 is the ratio of electrical streaming potential 𝛥𝑈 to pressure drop 𝛥𝑃, 𝜅 is the 

conductivity of the electrolyte solution, 𝜂 the dynamic viscosity, 𝜀 the relative permittivity of 

the liquid, and 𝜀0 the electrical permittivity of vacuum. 

2.2.5 Ellipsometry – a method to determine film thickness 

In modern science, thin film or coating systems are often used for surface modifications. 

Especially, in nanotechnology,112 microelectronics,113 or optoelectronics,114 ultrathin films, or 

coatings play an important role. Therefore, it is necessary to have experimental methods to 

analyze and characterize such film systems. A very basic property of any coating is its 

thickness (e.g., film thickness).115 One of the most used optical techniques to efficiently 

characterize these complex thin film systems (e.g., PEMs) is Ellipsometry. A linearly polarized 

monochromatic light is used in the incident beam. Then, a change in polarization and intensity 

as light reflects from a thin film is measured. This change is represented as an amplitude ratio, 

Ψ, and the phase, Δ. The measured response depends on the optical properties and thickness 

of thin layers. Ellipsometry is primarily used to determine film thickness in the range of 1 nm 

up to 1 μm which makes the technique suitable for the analysis of our carbon nanotube (CNT) 

/ polyelectrolyte (PE) film. 

Polarization of light (elliptic) 

Light can be described as an electromagnetic wave that travels through space. The orientation 

of the wave's electric field in space and time is known as polarization. The electric field vector 

𝐸⃗  of a wave is always orthogonal to the propagation direction 𝑧  and can be described by its x- 

and y-components. Since the wave is transverse, the electric-field intensity vector processes 

along an elliptic trajectory in any plane perpendicular to the direction of propagation. Here, in 

one period of 2π/ω one revolution is achieved which can be described as a superposition of 

harmonic vibrations along two perpendicular axes. If the vibrations are shifted in phase the 

resulting trajectory is elliptic shown in Figure 15.  
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The wave propagates along the z-axis of the right-handed cartesian coordinate system x-y-z. 

X and Y are the amplitudes in the x and y directions, real, and non-negative quantities. 

Dependent on time the electric field vector 𝐸⃗ (𝑡) in the plane 𝑧 = 0 can be written as follows 

𝐸⃗ (𝑡) = [
𝐸𝑥(𝑡)

𝐸𝑦(𝑡)
] = 𝑅𝑒 {[

𝑋𝑒𝑖𝛷

𝑌
] 𝑒𝑖𝜔(𝑡−𝑡0)}  . 

Here, 𝐸𝑥(𝑡) and 𝐸𝑦(𝑡) are the complex amplitudes of 𝐸⃗ (𝑡) along the x- and y-axis, 𝑅𝑒{𝑓} is the 

real and 𝐼𝑚{𝑓} is the imaginary part of the complex quantity 𝑓, 𝛷 is the relative phase, 𝜔 the 

angular frequency, and 𝑡 the time. 

At the initial time 𝑡 = 𝑡0, the y component is at its 

maximum as indicated with the dashed arrow in 

Figure 15. The x component reaches its maximum 

after the time interval of 𝛷/𝜔 (dotted arrow). 

Thereby, the angle 𝛹 is related to the relative phase 

∆ of the vibration along x- and y-directions. Are the 

values of 𝛷 positive, the sense of precession is 

clockwise, and the polarization is called right-

handed. If 𝛷 is negative, the polarization ellipse goes 

counter-clockwise and is called left-handed. The 

values of 𝛷 are usually limited to the interval from 

zero to 2𝜋, or from −𝜋 to 𝜋.  

The state of the elliptic polarization is also described 

by the amplitudes X and Y alongside the phase shift 

𝛷. To be precise, only the relative amplitude X/Y is 

relevant. It can be expressed with the help of the 

angle 𝛹 shown in Figure 15 which is given as tan𝛹 =

𝑋/𝑌, varying from zero to 𝜋/2. With the help of the 

two real angles 𝛹 and 𝛷 the 𝐽𝑜𝑛𝑒𝑠 𝑣𝑒𝑐𝑡𝑜𝑟  

[
𝑠𝑖𝑛𝛹𝑒𝑖𝛷

𝑐𝑜𝑠 𝛹
] 

can be written as a representation of the elliptic polarization. An important notion in dealing 

with polarization is that of the orthogonality of polarization states. Two states are called 

orthogonal when their Jones vectors are orthogonal in the usual sense of vector algebra. The 

polarization orthogonal to the Jones vector therefore is 

[
− 𝑐𝑜𝑠 𝛹𝑒𝑖𝛷

𝑠𝑖𝑛𝛹
] = [

𝑠𝑖𝑛(𝜋 2⁄ − 𝛹) 𝑒𝑖(𝛷±𝜋)

𝑐𝑜𝑠(𝜋 2⁄ − 𝛹)
]  . 

There are three different polarization states: linear, circular, and elliptical. Thereby, the most 

general polarization of a monochromatic light wave is elliptic. 

Figure 15. Polarization ellipse of light, 

described by the ellipsometric angles Ψ and Δ. 

The polarized wave propagates in the positive 

sense of the z axis, which points towards the 

reader. 
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The ellipsometric technique is based on a 

suitable manipulation of the polarization 

state by auxiliary polarizing elements and 

the measured samples. Thereby, a basic 

configuration of polarizer-compensator-

sample-analyzer (PCSA, c.f. Figure 16) can 

be used to determine the two ellipsometric 

parameters of the sample. The process 

consists of finding component settings for 

extinguishing the light at the detector. The 

azimuth of the polarizer (𝑃0) and 

compensator (𝐶0) are adjusted so that the 

resulting elliptically polarized light is reflected as linear polarized from the sample. Thus, the 

reflected beam is extinguished by a suitable adjusted analyzer azimuth (𝐴0).  

Setting the azimuth of the complex amplitude zero, the linear equation of the complex 

reflectance ratio can be obtained as follows 

𝜌 =
𝜏𝑐 𝑡𝑎𝑛(𝑃0 − 𝐶0) + 𝑡𝑎𝑛 𝐶0

𝑡𝑎𝑛(𝑃0 − 𝐶0) 𝑡𝑎𝑛 𝐶0 − 1
𝑡𝑎𝑛𝐴0  . 

Thereby, 𝜏𝑐 is the complex transmittance ratio of the compensator. It is defined as 

𝜏𝑐 = 𝑡𝑎𝑛 𝛹𝑐𝑒
𝑖∆𝑐  , 

and can be expressed in terms of the angles 𝛹𝑐 and ∆𝑐. There is a significant simplification for 

results of a quarter-wave (𝜏𝑐 = 𝑖) compensator set at the azimuth of 𝐶0 = 𝜋/4. Here, the output 

intensity is extingguished for two settings 𝑃1, 𝐴1 and 𝑃2, 𝐴2 related by 𝑃2 = ±𝑃1, 𝐴2 = −𝐴1 (𝑃𝑥 - 

state of polarization, 𝐴𝑥 - analyzer azimuths). In addition, these azimuths are related to the 

measured ellipsometric angles 

𝛹 = 𝐴1, ∆ = 2𝑃1 + 𝜋/2,          for 𝐴1 ≥ 0. 

Using this simple setup with a laser source, high-quality polarizing elements, and mountings, 

highly precise and accurate measurements are achievable. To calibrate the instruments the 

usual way consists of multiple-zone (𝑃1, 𝐴1 and 𝑃2, 𝐴2)  measurements to determine and correct 

unavoidable errors in the zero positions of P, C, A, and the retardation angle of the 

compensator.  

In this work null ellipsometric measurements are used to determine the film thickness 𝑑 and 

the refractive index 𝑛̅ of the adsorbed CNT/PE film (c.f. Figure 17). This is done by a numerical 

data evaluation of the experimentally determined ellipsometric angles 𝛹𝑒𝑥𝑝 and ∆𝑒𝑥𝑝 as a 

function of the angle of incidence 𝛼𝑖𝑛𝑐.  

Figure 16. Principal set-up of a polarizer-compensator-

sample-analyzer (PCSA) configuration. 
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For a two-layer system (Si/SiO2/Coating/Air) and with the help of a self-programmed 

algorithm of Dr. Peter Nestler, the refractive index profile perpendicular to the sample surface 

is given by four slaps (𝑛𝑎𝑖𝑟 = 1, 𝑛𝑆𝑖𝑂2
= 1.457, and 𝑛𝑆𝑖 = 3.882 − 0.019𝑖).116  

 

Figure 17. Representation of an incoming electromagnetic wave, its multiple reflections (due to the complexity 

pictured for just one layer), and transmissions through a sample with different refractive indexes n (𝑛𝑎𝑖𝑟 refractive 

index of the environment (e.g. air or water), 𝑛̅ refractive index of the coated film, 𝑛𝑆𝑖𝑂2
 refraction index of the silicon 

oxide layer, and 𝑛𝑆𝑖 refraction index of silicon). 

Given a pair of values (𝑑, 𝑛̅), both 𝑟𝑝 and 𝑟𝑠 (complex reflection coefficients of p- and s-

polarization) can be calculated with the help of the 𝐴𝑖𝑟𝑦 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 given by 

𝑟𝑝 =
𝑟𝑝,1 + 𝑟𝑝,2 ∙ 𝑒−𝑖𝜑

1 + 𝑟𝑝,1𝑟𝑝,2 ∙ 𝑒−𝑖𝜑
                  𝑟𝑠 =

𝑟𝑠,1 + 𝑟𝑠,2 ∙ 𝑒𝑖𝜑

1 + 𝑟𝑠,1𝑟𝑠,2 ∙ 𝑒𝑖𝜑
   , 

with 𝑟𝑝,1 the Fresnel coefficient of the p-polarized component at the environment / coating 

interface and 𝑟𝑝,2 as the component at the coating / substrate interface. This applies 

analogously for the s-polarized components 𝑟𝑠,1 and 𝑟𝑠,2. Also, the phase shift 𝜑, given by 

𝜑 = 2𝑛̅ 𝑐𝑜𝑠 𝛼 ∙
2𝜋𝑑

𝜆
    , 

describes the phase change of the beam reflected at the film substrate interface compared to 

the air film interface. The propagation direction of the light with the wave length 𝜆 inside the 

coating is represented by the angle 𝛼. Therefore, the layer thickness changes the reflection 

coefficient via the relative phase φ. 

However, the ellipsometric measurement only gives information about the complex 

reflectance ratio 𝜌 with 𝜌 = 𝑟𝑝 𝑟𝑠⁄ . Due to its complexity, 𝜌 provides a complex number 

consisting of a real part 𝑅𝑒(𝜌) and an imaginary part 𝑖𝐼𝑚(𝜌). Through the measurement of the 

ellipsometric angles 𝛹 and ∆ the complex number of 𝜌 can be given in this polar form as 𝜌 =

tan𝛹 ∙ 𝑒𝑖∆. With the help of the 𝐴𝑖𝑟𝑦 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛, the ratio 𝜌 = 𝑟𝑝 𝑟𝑠⁄  can be calculated and fitted 

to the experimental values 𝜌 = tan𝛹 ∙ 𝑒𝑖∆ by varying the parameters 𝑑 and 𝑛̅, which we want 

to know. Using one set of 𝑑 and 𝑛̅, for several ellipsometric measurements there are differences 

between calculated and measured angles. The mean square difference at all incident angles is 

defined as follows  
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𝑋(𝑑, 𝑛̅) = √
1

𝑁°
∑((∆𝑖

𝑒𝑥𝑝
− ∆𝑖

𝑐𝑎𝑙𝑐)
2
+ (𝛹𝑖

𝑒𝑥𝑝
− 𝛹𝑖

𝑐𝑎𝑙𝑐)
2
)

𝑁°

𝑖=1

  . 

Here, 𝑁° is the number of individual measurements at different angles of incidence. The 

minimization of 𝑋(𝑑, 𝑛̅) provides the values of 𝑑 and 𝑛̅ which describe the properties of the 

coating at best.36, 117 

2.2.6 UV-Vis-NIR spectroscopy – a method to determine CNT surface coverage 

The Ultra-Violet – Visible Near-Infrared (UV/VIS/NIR) spectroscopy is a powerful analytical 

technique to determine optical properties i.e., transmittance, reflectance, and absorbance of 

liquids and solids.118, 119 It can be applied to characterize semiconductor materials, coatings, 

glass, and many other research and manufacturing materials, which makes it suitable for the 

optical characterization of our coatings. The operation range of UV/VIS/NIR spectroscopy lies 

between 175 nm to 3300 nm. Figure 18 shows the principal mode of operation. 

Considering the absorption spectra of unsorted CNTs,120 especially the Vis-NIR scope is of 

great interest when it comes to the optical characterization of our coatings with modified 

CNTs. According to the Beer-Lambert-law, the Extinction 𝐸λ is defined as 

𝐸𝜆 = 𝑙𝑜𝑔10 (
𝐼0
𝐼1

) = 𝜀𝜆 ∙ 𝑐 ∙ 𝑙 

with 𝐼0 the incident light intensity, 𝐼1 the intensity of the light transmitted through the sample, 

𝜀λ molar absorption coefficient in M-1cm-1, 𝑐 molar concentration in M, and 𝑙 the optical path 

length. Knowing the concentration 𝑐 of our CNTs in the suspension, the optical path length 

i.e., the thickness of the cuvette, and the measured absorbance A(λ), which is defined as 

𝐴(𝜆) = 𝑙𝑜𝑔10 (
𝐼0
𝐼1

) 

Figure 18. UV/VIS/NIR spectroscopy: Principal mode of operation. 
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we are able to determine the extinction coefficient 𝜀λ. Thereby, 𝜀λ is specific for our CNTs. This 

also allows the calculation of the CNT surface coverage of our coatings.  

Here, we use the Beer-Lambert-law as follows 

𝐸𝜆 = 𝑙𝑜𝑔10 (
𝐼0
𝐼1

) = 𝜀𝜆 ∙ 𝑐𝐶𝑁𝑇 ∙ 𝑑𝑓𝑖𝑙𝑚 . 

Instead of the cuvette thickness 𝑙, we use 𝑑𝑓𝑖𝑙𝑚 (film thickness, measured with ellipsometry) as 

optical path length. This allows the estimation of the CNT concentration 𝑐𝐶𝑁𝑇 of our coated 

surfaces, thus the calculation of the surface coverage. 

2.2.7 Characterization of electrical properties of CNT/PE multilayer films 

The characterization of the CNT/PE surface coatings regarding their electrical properties took 

place in terms of electrical resistance 𝑅, resistivity 𝜌𝑟𝑖𝑠, and electrical conductivity 𝜎. Due to 

the ohmic behavior of the coated films the electrical resistance can be simply calculated as  

𝑅 =
𝑈

𝐼
 , 

with 𝑈 the applied voltage over the electrical conductor and 𝐼 the current that flows through 

the conductor. Knowing the sample size and the thickness 𝑑 (from ellipsometric 

measurements) of our coatings, the resistivity 𝜌𝑟𝑖𝑠 can be calculated according to 

𝜌𝑟𝑖𝑠 = 𝑅 ∙
𝐴𝑒𝑙

𝐿
= 𝑅 ∙

𝑊

𝐿
∙ 𝑑  . 

Here, 𝐴𝑒𝑙 is the cross-sectional area of the coating, L the length and 𝑊 the width of the coating 

(c.f. Figure 19). The conductivity 𝜎 is the inverse of 𝜌𝑟𝑖𝑠  

𝜎 =
1

𝜌𝑟𝑖𝑠
 . 

 

Figure 19. Schematic representation of the electrical measurement setup. 
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3 Article conclusions 

3.1 Neuber, S., Sill, A., Efthimiopoulos, I., Nestler, P., Fricke, K., & Helm, C. A. (2022). 

Influence of molecular weight of polycation polydimethyldiallylammonium and carbon 

nanotube content on the electric conductivity of layer-by-layer films. Thin Solid 

Films, 745, 139103.  

The creation of biocompatible and highly electrically conductive nm-thin multilayer films has 

gained more and more interest in the field of implant surface applications. To create such films 

the layer-by-layer method, in combination with poly(diallyldimethylammonium chloride) 

(PDADMA) and modified carbon nanotubes (CNTs), was used. Different PDADMA 

molecular weights (322 and 44 kDa) and CNT concentrations, in the deposition suspension 

(0.15 and 0.25 mg/ml), enabled tunable film compositions and thereby tunable film properties 

i.e., film thickness or sheet resistance. By using chemically modified and therefore charged 

CNTs the adsorption process and thus the CNT surface coverage was improved.  

After four deposited CNT/PDADMA bilayers a percolation transition occurred. At this point, 

the film, or more precisely the deposited CNTs, forms a lateral homogeneous net structure that 

resembles fallen jackstraws with now multiple CNT crossing points and nods. This enhanced 

the electron transport significantly. As a result, the film sheet resistance decreased by a factor 

of 3. By adding additional CNT/PDADMA bilayers after the percolation transit, the film 

thickness and surface coverage increase linearly with a constant conductivity of up to 4 kS/m. 

Increasing the molecular weight of PDADMA resulted in reduced film/air roughness, whereas 

film thickness and electrical conductivity were not affected. However, increasing the CNT 

concentration of the suspension up to 0.25 mg/ml raised the thickness per CNT/PDADMA 

bilayer. Simultaneously, the higher bilayer thickness is accompanied by a decreased electrical 

conductivity, which is attributed to an increased PDADMA/CNT ratio. 

3.2 Neuber, S., Sill, A., Ahrens, H., Quade, A., & Helm, C. A. Influence of Different Solutions 

on Electrically Conductive Films Composed of Carbon Nanotubes and 

Polydimethyldiallylammonium. ACS Applied Engineering Materials 2023 1 (6), 1493-

1503 

In our previous work, it is shown, that the preparation of stable electrically conductive nm-

thin films from poly(dimethyldiallylammonium chloride) (PDADMA) and modified carbon 

nanotubes (CNTs), in a controlled way in air are possible. These films have to be stable and 

tunable not only at ambient but also at aqueous conditions, regarding implementation as an 

implant coating for medical applications. Layer-by-layer (LbL) coatings are mostly based on 

electrostatic interactions. However, since many synthetic polymers consist of a hydrophobic 

backbone, it is also interesting to understand the role of hydrophobic interactions within LbL 

films. Therefore, multilayer films built of PDADMA and oxidized CNTs, with a low linear 

charge density, were investigated in three different solutions. 
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In an aqueous environment, the CNT/PDADMA multilayer cohesion is due to the electrostatic 

attractions between oppositely charged functional groups of PDADMA and modified CNTs 

as well as through the hydrophobic attraction of the PDADMA backbone and the non-

functionalized CNT atoms. The latter also affects the swelling behavior of the film.  The 

hydrophobic attraction also ensures, additionally, that the films do not swell, as always 

observed previously for polyelectrolyte multilayers (PEMs). In fact, the CNT/PDADMA film 

shrinks or retains its thickness. It appears, that not only a high CNT: PDADMA ratio within 

the film, but also a generally thinner CNT/PDADMA multilayer (1 – 2 nm) are responsible for 

higher film conductivities (up to 13.4 kS/m). Thus, due to the tuning of interpolyelectrolyte 

forces film swelling can be prevented, which otherwise would negatively influence the 

electrical film properties. Overall, the films were stable, and on immersion into biologically 

relevant solutions, the electrical conductivity increased at ambient conditions. 

3.3 Azinfar, A., Neuber, S., Vancova, M., Sterba, J., Stranak, V., & Helm, C. A. (2021). Self-

Patterning Polyelectrolyte Multilayer Films: Influence of Deposition Steps and Drying 

in a Vacuum. Langmuir, 37(35), 10490-10498. 

Cell adhesion and proliferation on modified surfaces not only depend on the surface charge. 

Also, the lateral morphology of the surface itself is an important factor. Here, the self-

patterning of polyelectrolyte multilayers consisting of PDADMA and PSS is investigated. Due 

to its higher mobility, a low molecular weight of PSS (Mw(PSSshort) = 10.7 kDa) was used. 

Monitored via AFM was the film self-pattering in air and water as a function of the number of 

deposited PDADMA/PSS bilayers.  

When films were built with immobile high molecular weight polyelectrolytes no self-

patterning was observed. However, after seven deposited PDADMA/PSSshort bilayers, films 

built from PSSshort started to begin the process of self-patterning shown via AFM images. With 

each additionally deposited PDADMA/PSSshort bilayer, the lateral structure started changing 

from surface grooves, then stripes, and at the end to the point of circular domains. It appeared 

that the mean distance between the surface structures increased monotonously with the film 

thickness. Additional SEM images showed that films exposed to a vacuum resulted in a 

decrease in the film thickness, while the mean distance between the film domains increased. 

It also revealed a different film behavior depending on whether the film was PSSshort – or 

PDADMA-terminated. Films terminated with PSSshort were vertically thinner while the mean 

distance between domains slightly increased. This is attributed to the adaptation to the elastic 

modulus caused by dehydration during the exposure of the film to a vacuum. PDADMA-

terminated films showed tall pillars and an increase in distance between the domains by a 

factor of 1.4. 

Thus, it turned out the self-patterning process is driven by the mobility of polymers. The 

average spacing between the domains can be adjusted by the number of deposited bilayers, 

and exposure to a vacuum, whereby the surface morphology overall can be tuned.  
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3.4 Mohamad, H. S., Neuber, S., & Helm, C. A. (2019). Surface forces of asymmetrically 

grown polyelectrolyte multilayers: searching for the charges. Langmuir, 35(48), 15491-

15499. 

Surface charges are essential parameters when it comes to biocompatibility. Cell adhesion and 

proliferation are highly influenced by the surface charge density. Using the layer-by-layer 

technique, films were prepared from strong polyelectrolytes with a low (PDADMA) and high 

(PSS) linear charge density at 0.1 mol/L NaCl. To investigate the polyelectrolyte conformation 

and surface charge of polyelectrolyte multilayers in aqueous solution at different salt 

concentrations, surface forces were used.  

During the preparation process, the multilayer exhibits two growth regimes. In the beginning, 

in a non-linear growth regime, where the thickness per bilayer increases with each deposition 

step, the film contains as many positive as negative monomers. After reaching about 15 

deposited layer pairs a linear growth regime occurs (exact number of bilayers, at which the 

transition occurs, depends on the PE molecular weight). This linear growth regime is 

characterized by excess cationic PDADMA monomers within the PEM. Surface force 

measurements at preparation conditions (0.1 mol/L NaCl) showed a flat, uncharged, and 

partially hydrophobic film surface, which also is independent of the film composition.  

Electrostatic forces were found for films terminated with PSS when the ion concentration in 

the test solution was decreased below 0.1 mol/L. In the non-linear regime, the surface charge 

density is negative, while in the linear growth regime, it is positive. Always, it is low (one 

charge per 200 – 400 nm2) at ion concentrations below the preparation concentration. The 

observed reversal of surface charge density in PSS-terminated films is attributed to an excess 

of PDADMA monomers within the film. When the films were terminated with PDADMA also 

steric forces were found in measuring solutions with low ion concentrations. Here, PDADMA 

chains protrude into the solution and form pseudo brushes, which scale as polyelectrolyte 

brushes with a small anchoring density (1900 nm2 per chain). Thus, the low linear charge 

density polycation adsorbs with few electrostatic monomer-monomer bonds. The charges of 

many of its monomers are compensated by negative monovalent ions resulting in loosely 

bound polycation chains. These chains form a pseudo-brush on the decrease of the ionic 

strength. In the following polyanion adsorption step, the polyanion replaces the monovalent 

anions, rendering the surface neutral. In the linear growth regime, many electrostatic 

monomer-monomer bonds are formed during each adsorption step. Yet, there is an excess of 

monovalent negative anions in the multilayer. This fact does not affect the almost non-existent 

surface charge at preparation conditions but the composition of the multilayer. 
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3.5 Gruening, M., Neuber, S., Nestler, P., Lehnfeld, J., Dubs, M., Fricke, K., ... & Nebe, J. B. 

(2020). Enhancement of Intracellular Calcium Ion Mobilization by Moderately but Not 

Highly Positive Material Surface Charges. Frontiers in bioengineering and 

biotechnology, 8, 1016. 

To further improve the bioactivity of titanium-based implants, regarding the optimization of 

cell/substrate interactions, the topography of the substrate needs to be modified. This can 

include additional physical or chemical treatments. Surface properties will influence cellular 

processes at the interface. Electrostatic forces at the cell/substrate interface can significantly 

affect cell adhesion and function. Therefore, a variety of different surface coatings were used 

and characterized via zeta (ζ) potential, a parameter for surface charges. 

In this work, multiple titanium surfaces were modified with amino polymers, extracellular 

matrix proteins/peptide motifs, and polyelectrolyte multilayers to generate ζ-potentials 

between - 90 mV and + 50 mV. The intracellular calcium mobilization, representing cell 

activity, was significantly enhanced on surfaces with a moderate positive surface ζ-potential 

between + 1 mV and + 10 mV compared to their negative counterparts (- 90 mV to – 3 mV). 

High surface ζ-potentials up to + 50 mV led to increased losses of membrane integrity, 

viability, cell proliferation, and cell mobilization. Overall, positive charges offer unique cues 

that induce an intensive cell response. However, only moderate positive ζ-potentials are 

necessary to significantly increase cell viability and proliferation. 
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4 Summary 

The combination of the Layer-by-Layer (LbL) method, a nano-material such as carbon 

nanotubes (CNTs), and charged polyelectrolytes (PEs) is a reliable approach to produce highly 

functionalized surface coatings. These coatings are stable, controllable, ultra-thin, and most 

importantly, biocompatible.  The ability to tune their properties by varying the preparation 

conditions and the terminating layer opens up a wide range of applications in the fields of 

biology and medicine. Here, the goal was to create electrically conductive coatings on which 

cells grow and proliferate. To achieve this goal, a coating with a stable conductive film 

structure, a suitable film surface topography, and suitable surface potential (and 𝜁-potential) 

must be prepared. 

At the beginning of this thesis, the focus was on the fabrication of electrically conductive 

multilayer films, whose electrical properties should be stable and adjustable in a controlled 

manner (Article 1). The combination of chemically modified CNTs as polyanions, a strong 

linear polycation like poly(diallyldimethylammonium chloride) (PDADMA), and the LbL-

method allowed us to prepare such films. Their characterization was carried out in air at 

ambient conditions.  Since PDADMA is non-conductive, the charge transfer within the film 

and thus the electrical conductivity itself depends mainly on the CNTs and their arrangement. 

It was found that four CNT/PDADMA bilayers (BL) were always necessary to create a lateral 

network structure with multiple CNT crossing points to enable and support electron transport 

within the film. Moreover, additional CNT/PDADMA BL resulted in decreasing sheet 

resistance, while the conductivity remained constant at ≈ 4 kS/m regardless of the number of 

bilayers. Increasing the PDADMA molecular weight (Mw) from 44.4 kDa to 322 kDa did not 

affect film properties such as thickness or electrical conductivity.  

However, increasing the CNT concentration from 0.15 mg/ml to 0.25 mg/ml in the deposition 

suspension resulted in thicker and less conductive films. This is attributed to a faster 

adsorption process of the CNTs leading to more adsorption sites for the polycation. We found 

an increased PDADMA monomer/CNT ratio compared to films prepared with the lower CNT 

concentration in the deposition suspension. The electrical conductivity decreased by a factor 

of four down to 1.1 kS/m, which can be attributed to fewer contact points between the CNTs. 

Overall, we were able to prepare stable and electrically conductive multilayer films. 

Additionally, by varying the preparation conditions tuning of the electrical conductivity is 

possible. 

To fulfill requirements regarding i.e., medical implants, film properties not only have to be 

stable and controllable in a dry state (described in Article 1) but also in a biological aqueous 

environment. Therefore, in Article 2 we immersed our coated samples in three different 

solutions usually employed in biological research and compared their properties with their 

dry state, respectively. Also, hydration/swelling effects that normally occur for polyelectrolyte 

multilayer films (PEMs) in solutions were investigated.  
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For the film preparation, PDADMA (Mw = 322 kDa) and a deposition suspension of modified 

CNTs with two different concentrations (0.15 mg/ml and 0.25 mg/ml), which aged for two 

years, were used. Independent of the CNT suspension concentration, it turned out that the 

film thickness of the samples, prepared from the aged suspension, decreased significantly 

compared to the film thickness previously measured in Article 1. As a cross-check a new and 

fresh CNT suspension was made, which allowed us to reproduce the film thickness described 

in Article 1.  

These results indicated that something happened with the CNT suspension over a two-year 

period. An analysis via X-ray photoelectron spectroscopy (XPS) showed a decrease in the 

percentage of functional groups in the CNTs from the aged suspension. The loss of functional 

groups resulted in less negatively charged CNTs and thus in fewer adsorption sites for the 

polycation PDADMA. Consequently, the PDADMA monomer/CNT ratio decreased, which 

lowered the thickness per bilayer by a factor of three, compared to films prepared with a 

freshly prepared CNT suspension. The lower linear charge density of the aged CNTs also 

enhanced their hydrophobicity, which is, in combination with the electrostatic forces, another 

important factor for multilayer cohesion. In contrast to PEMs made from polycations and 

polyanions, no swelling of the films occurred when immersed in solutions. This can be 

attributed to the fact that the increased hydrophobicity of the CNTs and the hydrophobic 

nature of the PDADMA backbone prevent the incorporation of water into the multilayer film. 

In solution, the films slightly shrink (by ≈ 2 nm), which makes them even more compact. Yet 

they remain stable. The result is an increased electrical conductivity from 9.6 kS/m, in the dry 

state, up to 15.3 kS/m immersed in solutions. To summarize, we showed that by tuning the 

interpolyelectrolyte forces the swelling and the ensuing decrease of the electrical conductivity 

of the films can be prevented. 

Regarding the application in biology and medicine, we must consider that long-term exposure 

of cells to nano-materials like CNTs could lead to damage and inflammation of adjacent tissue. 

Therefore, it is necessary to prevent direct contact between the electrically conductive 

multilayer, i.e., CNT/PDADMA film, and the cells. The solution to this problem is a 

biocompatible top film that covers the CNT/PDADMA multilayer completely and still 

provides a lateral surface structure that supports cell adhesion and proliferation. Additional 

layers consisting solely of PEs could provide such a top film.  

In Article 3 we investigated the self-patterning of PEM films as function of deposition steps. 

After preparation in water, the films were dried, characterized in air, and in vacuum. The films 

were built with high and low molecular weight PEs. PDADMA was used as polycation and 

poly(styrene sulfonate) sodium salt (PSS) as polyanion. The observation via Atomic Force 

Microscopy (AFM) showed that films prepared with high molecular weight PEs are laterally 

homogeneous and form no patterns, due to the chain immobility. The flat surfaces are 

ineligible as a substrate for cell adhesion.  
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In contrast, films built with a short PSS, especially at Mw, PSS = 10.7 kDa, began to self-pattern 

after seven deposited PDADMA/PSS bilayers. With each additionally deposited bilayer, the 

surface got more and more structured, from grooves over stripes to circular domains. 

Increasing film thickness led to an increased lateral mean distance between the surface 

structures. Scanning Electron Microscopy (SEM) images showed that exposure to a vacuum 

resulted in a decrease in the film thickness attributed to water removal, while the mean 

distance between the domains increased.  

Thus, by using this self-pattering process we are able to prepare PEMs with a highly structured 

surface. By adding PDADMA/PSS bilayers, not only the CNT/PDADMA film can be covered 

completely, but also a suitable surface morphology for cells can be created. Controlling the 

number of deposited bilayers allows the preparation of suitable coatings for cells. 

To further improve the interaction of the cell and coated substrate not only the lateral structure 

but also the interacting electrostatic forces between cells and substrate are important for the 

nature of cell adhesion, function, and proliferation. In Article 4 we investigated PEMs, 

consisting of strong PEs with a low (PDADMA) and high (PSS) linear charge density. We 

performed asymmetric force measurements with the help of the colloidal probe technique 

(CP). Here, the forces between a PEM-covered surface and a colloidal probe (silica sphere) 

glued to a cantilever were investigated. The colloidal probe was either bare or covered with 

polycation poly(ethylenimine) (PEI). The surfaces were immersed in NaCl solutions with 

different ionic strengths (INaCl), starting with deionized water, then enriched up to 

1 mol/L NaCl. The interaction force between a CP and the surface was measured. Thus, insight 

into the surface potential/charge was obtained. 

During film preparation, two growth regimes (parabolic and linear) exist. These regimes and 

the terminating layer determine the surface force of the PEM. PEMs with a terminating PSS 

layer are predominantly flat and negatively charged when the ion concentration is low and 

the film is in the parabolic growth regime (between 1 and ≈ 15 BL). This indicates charge 

reversal on PSS adsorption. At the transition point between the parabolic and linear growth 

regimes, the ratio between polyanion and polycation monomers starts to switch and some 

cationic monomers are neutralized not by anionic monomers but by monovalent ions. 

Therefore, the surface charge density in diluted NaCl solutions changed from slightly positive 

near the transition to positive in the linear growth regime. At the lowest ionic strengths (INaCL) 

the range of the surface potential goes from – 40.5 mV (9 BL, parabolic) up to + 50 mV (19 BL, 

linear).  

In contrast, polycation (PDADMA) terminated films are overall positive in diluted NaCl 

solutions. At the beginning of the parabolic growth regime, the layers are more compact and 

flat. However, with each additional layer deposited, the film becomes less compact and the 

chains begin to loosen. The now more loosely bound chains start to protrude into the solution 

and form pseudo-brushes. This could already be observed for 10.5 BL.  
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It intensifies in the linear growth regime (begin at ≈ 15 BL) and results in steric surface forces. 

Changing the surrounding INaCl affects this behavior and the pseudo-brushes scale as 

polyelectrolyte brushes.  

By controlling the number of bilayers (thus the growth regime), the surrounding ionic 

strength, and the conformation of PEs at the PEM surface, it is possible to prepare a suitable 

range of surface properties i.e., for cell adhesion and proliferation. To prove that these 

multilayers can provide a suitable surface and have a positive effect on cell behavior, we 

coated in Article 5 titanium-covered samples with PEMs.  Investigated was the cell interaction 

with the surface at different zeta(ζ) - potentials, a parameter for dynamic surface potential. 

Here the cell activity is measured by the mobilization of calcium (Ca2+) within the cell as a 

function of the ζ - potential of the substrate and the externally applied electrical potential. The 

cell activity indicates if the ζ - potential, provided by the sample surface, is suitable or not for 

the cells. The favorable interaction with the substrate is also reflected in the cell morphology 

and proliferation. 

The results showed that highly negative ζ - potentials between - 90 and - 3 mV led to a 

decreasing/reduced Ca2+ mobilization which correlates with reduced cell activity. Nearly 

neutral to moderate positive surfaces (ζ - potential + 1 to + 10 mV) i.e., PSS-terminated PEMs 

are able to promote cell adhesion and growth as demonstrated by an increased Ca2+ 

mobilization. The access to the intracellular Ca2+ stores, provided by the external stimulus, is 

now more effective and suggests a higher cell activity. Increasing the ζ - potentials up to 

≈ + 50 mV (highly positive), i.e., PDADMA - terminated PEMs with pseudo-brushes, resulted 

in restricted cell viability and impaired Ca2+ mobilization, which led to a disturbed cell 

morphology and proliferation. In conclusion, only surfaces, terminated with i.e., PEI, with 

moderate positive charges (ζ - potential + 1 to + 10 mV) are able to improve the Ca2+ 

mobilization and thus the cell activity and proliferation. PEMs with a PSS termination provide 

negative 𝜁 −potentials, onto which cells adhere, and proliferate. Therefore, they are a good 

alternative for surface functionalization for implant surfaces. 

In summary, the objective set at the beginning of the thesis is addressed within articles written 

as part of this thesis. It is possible to fabricate PEMs with modified CNTs to produce coatings 

that are electrically conductive with tunable sheet resistance, whether dry in air or immersed 

in an aqueous solution (Articles 1 and 2). Also, for pure PEMs, it is shown that with the right 

molecular weight of PEs and a certain number of bilayers, a suitable surface structure for cell 

adhesion can be produced (Article 3). Additional surface properties such as a suitable surface 

charge density can be provided by PEMs which can improve the cell activity as monitored 

with Ca2+ mobilization (Articles 4 and 5). The next step is to combine the knowledge gained 

from Articles 1 – 5 and link it to the application of external electrical fields to cells. 
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101. Karg, A.;  Rößler, T.;  Mark, A.;  Markus, P.;  Lauster, T.;  Helfricht, N.; Papastavrou, G., 

A versatile and simple approach to electrochemical colloidal probes for direct force 

measurements. Langmuir 2021, 37 (46), 13537-13547. 

102. Rentsch, S.;  Siegenthaler, H.; Papastavrou, G., Diffuse layer properties of thiol-modified 

gold electrodes probed by direct force measurements. Langmuir 2007, 23 (17), 9083-9091. 



5 References 

 

 

43 
 

103. Papastavrou, G., Combining electrochemistry and direct force measurements: from the 

control of surface properties towards applications. Colloid and Polymer Science 2010, 288, 

1201-1214. 

104. Mohamad, H. S. Surface Forces Characterization of Polyelectrolyte Monolayers and 

Multilayers. 2018. 

105. Derjaguin, B., Friction and adhesion. IV. The theory of adhesion of small particles. Kolloid 

Zeits 1934, 69, 155-164. 

106. Israelachvili, J. N., Intermolecular and surface forces. Academic press: 2011. 

107. Hill, T. L., On steric effects. The Journal of Chemical Physics 1946, 14 (7), 465-465. 

108. Derjaguin, B.; Kussakov, M., Anomalous properties of thin polymolecular films V. Acta 

physicochim. URSS 1939, 10, 25. 

109. Oatley-Radcliffe, D.;  Aljohani, N.;  Williams, P.; Hilal, N., Electrokinetic phenomena for 

membrane charge. In Membrane Characterization, Elsevier: 2017; pp 405-422. 

110. Peeters, J.;  Mulder, M.; Strathmann, H., Streaming potential measurements as a 

characterization method for nanofiltration membranes. Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 1999, 150 (1-3), 247-259. 

111. West, A., Experimental methods to investigate self-assembly at interfaces. In Interface 

Science and Technology, Elsevier: 2018; Vol. 21, pp 131-241. 

112. Swaminathan, V. S.;  Wei, R.; Gandy, D. W., Nanotechnology coatings for erosion 

protection of turbine components. 2010. 

113. Singh, N.;  Singh, K.;  Pandey, A.; Kaur, D., Improved electrical transport properties in 

high quality nanocrystalline silicon carbide (nc-SiC) thin films for microelectronic 

applications. Materials Letters 2016, 164, 28-31. 

114. Chtouki, T.;  El Mrabet, M.;  Tarbi, A.;  Goncharova, I.; Erguig, H., Comprehensive review 

of the morphological, linear and nonlinear optical characterization of spin-coated NiO 

thin films for optoelectronic applications. Optical Materials 2021, 118, 111294. 

115. Ohlídal, I.; Franta, D., 3 Ellipsometry of thin film systems. Progess in Optics 2000, 41, 181-

282. 

116. Palik, E. D., Handbook of optical constants of solids. Academic press: 1998; Vol. 3. 

117. Sill, A. Vertical diffusion of polyelectrolytes in polyelectrolyte multilayers during film 

preparation and post preparation treatment. 2022. 

118. Biyada, S.;  Merzouki, M.;  Elkarrach, K.; Benlemlih, M., Spectroscopic characterization 

of organic matter transformation during composting of textile solid waste using UV–

Visible spectroscopy, Infrared spectroscopy and X-ray diffraction (XRD). Microchemical 

Journal 2020, 159, 105314. 



5 References 

 

 

44 
 

119. Baka, N. A.;  Abu-Siada, A.;  Islam, S.; El-Naggar, M., A new technique to measure 

interfacial tension of transformer oil using UV-Vis spectroscopy. IEEE Transactions on 

Dielectrics and Electrical Insulation 2015, 22 (2), 1275-1282. 

120. Green, A. A.; Hersam, M. C., Processing and properties of highly enriched double-wall 

carbon nanotubes. Nature Nanotechnology 2009, 4 (1), 64-70. 

  

 

 

 

 

 



6 Abbreviations 

 

 

45 
 

6 Abbreviations 

A  Analyzer 

AC  Alternating Current 

AFM  Atomic Force Microscopy 

APTES  (3-Aminopropyl)triethoxysilan 

ATP  Adenosine 5‘-triphosphate 

BL  Bilayer 

C  Compensator 

CNT  Carbon Nanotube 

CP  Colloidal Probe 

CVD  Chemical Vapor Deposition 

DC  Direct Current 

DLS  Dynamic Light Scattering  

DLVO  Derjaguin, Landau, Vervey, and Overbeek 

DMEM Debecco’s Modified Eagle’s Medium 

DNA  Deoxyribonucleic Acid 

ECM  Extracellular Matrix 

LBL  Layer–by–layer 

MWCNT Multi-Walled Carbon Nanotube 

P  Polarizer 

PBS  Phosphate-buffered Saline Solution 

PCSA  Polarizer-Analyzer-Sample-Analyzer 

PDADMA Poly(diallyldimethylammonium chloride) 

PDI  Polydispersity Index 

PE  Polyelectrolyte 

PEI  Poly(ethylenimine) 

PEM  Polyelectrolyte Multilayer 
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pH  Potential Hydrogen 

PPAAm Plasma Polymerized Allylamine  

PSS  Poly(styrene sulfonate) 

RGD  Arginyl-Glycyl-Aspartic 

RNA  Ribonucleic Acid 

SEM  Secondary Electron Microscopy 

SP  Streaming Potential 

SPM  Scanning Probe Microscopy 

SWCNT Single-Walled Carbon Nanotube 

Ti  Titan 

UV-Vis-NIR Ultraviolet-Visible Near-Infrared 

vdW  van der Waals 

XPS  X-ray Photoelectron Spectroscopy 

 

Ca  Calcium 

Co  Cobalt 

Fe  Iron 

H2SO4  Sulfuric acid 

HNO3  Nitric acid 

Mo  Molybdenum 

NaCl  Natrium chloride 

Nb  Niobium 

Ni  Nickel 

Si  Silicon 

SiO2  Silicon oxide 

Ta  Tantalum 
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7 Symbol dictionary 

𝐴(𝜆) Absorbance 

𝜀𝜆 Absorption coefficient 

ω Angular frequency 

〈𝑟2〉
1
2 Average end-to-end chain distance 

𝑁𝐴 Avogadro constant 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 Binding energy 

𝜆𝐵 Bjerrum length 

𝑘𝐵 Boltzmann constant 

𝜃𝑏𝑜𝑛𝑑 Bonding angle 

𝜃𝑐ℎ𝑖𝑟𝑎𝑙 Chiral angle 

𝐶ℎ Chiral vector 

𝜌 Complex reflectance ratio 

𝑟𝑝 Complex reflection coefficient of p-polarization 

𝑟𝑠 Complex reflection coefficient of s-polarization 

𝑐 Concentration 

𝑐𝐶𝑁𝑇 Concentration of carbon nanotubes 

𝑙𝑐𝑜𝑛𝑡 Contour length 

I current 

𝜆𝐷 Debye length 

X Degree of polymerization 

𝜂 Dynamic viscosity 

σ Electrical conductivity 

𝛥𝑈 Electrical streaming potential 

e Elementary charge 

𝛹, ∆ Ellipsometric angles 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 Energy of incident photon 

𝐸λ Extinction 

𝐸𝑓 Fermi energy 

𝐸⃗  Field vector 
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𝑑𝑓𝑖𝑙𝑚 Film thickness 

H Hamaka constant 

𝐼0 Incoming light intensity 

W(D) Interaction energy 

𝑊𝑑𝑜𝑢𝑏𝑙𝑒 𝑙𝑎𝑦𝑒𝑟 (𝑑𝑙)(𝐷) Interaction energy due to the double layer 

𝑊𝑣𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 (𝑣𝑑𝑊)(𝐷) Interaction energy resulting from van der Waals interaction 

F(D) Interaction force 

𝜅−1 Inverse Debye length 

𝐼𝑖𝑜𝑛𝑖𝑐 Ionic strength 

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 Kinetic energy 

l Length 

𝑙𝑚𝑎𝑥 Maximum chain length 

𝐼1 Measured light intensity 

𝑀𝑖 Molecular weight of a chain 

𝑀0 Molecular weight of repeating unit/monomer 

M Monomer 

𝑛𝑖 Number of chains of molecular weight  

n Number of monomer bonds 

𝑀𝑖
∙ Number of monomers within the radical 

𝑋𝑛 Number-average degree of polymerization 

𝑀𝑛 Number-average molecular weight 

𝜑 Phase shift 

𝛥𝑃 Pressure drop 

𝑧  Propagation direction 

𝑅∙ Radical 

〈𝑠2〉
1
2 Radius of gyration 

𝑛𝑎𝑖𝑟 Refractive index of air 

𝑛𝑆𝑖 Refractive index of silicon 

𝑛𝑆𝑖𝑂2
 Refractive index of silicon oxide 

𝜀𝑟 Relative dielectric constant 



7 Symbol dictionary 

 

 

49 
 

𝛷 Relative phase 

R Resistance 

Rs Sheet resistance 

𝜌𝑟𝑖𝑠 Specific resistance 

D Surface separation 

T Temperature 

d Thickness 

𝐸𝑣 Vacuum energy 

𝜀0 Vacuum permittivity 

U Voltage 

λ Wavelength 

𝑋𝑤 Weight-average degree of polymerization 

𝑀𝑤 Weight-average molecular weight 

𝜑𝑤𝑜𝑟𝑘 Work function 

𝜁 Zeta potential 
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