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Biological tissues in the body stop functioning at certain times due to aging, sickness, trauma,
degeneration, and accidents? In particular, bone defects due to fractures, infections, or tumor
resections are often responsble 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 t he bioactivity of these
titanium -based implants, i.e., increasing celtsurface 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. &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 (PEMSs) 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.® 1°When it
comes to the preparation of PEMs, the now well-known Layer -by-Layer (LbL) technique 1 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 sur faces, 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 14Pure
PEMs are mostly not able to provide this kind of film characterist ic or to be precise not in the
desired and stable capacity.

By incorporating additional materials, such as carbon nanotubes (CNTSs), 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> 6exceptional tensile strength, and thermal
conductivity. 1718 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 t o use them as macroions in the preparation of LbL films.




1 Introduction

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, moleaular 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.*?* However, whe n it comes to implant surfaces, biocompatibility,
and an electrically conductive surface are the main focuses?>2The 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 CNTSs, 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, ad electrical film parameters (resistanceY, sheet resistance
'Y, conductivity ,,) 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 ¢ ombination 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. 242sUnder
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 PEMSs, the molecules are bound through electrostatic forces of the repeating units. These
unitsf/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. 2°To
prevent the effect, it is necessary to suppress the swelling and with it the ion hydration. The
guestion 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 growtheO YD U OO OI OUOw# UOET EEOzUw, OEDPI Pl Ew$ |
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 'Y, sheet resistance’Y, and electrical conductivity , 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 an d 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. 2628 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.2® PEM films
are not just biocompatible but have also a roughness that could promote cell adhesion and
prolifer ation.30.31Thus, they could be used as a top layer for the previously mentioned PE/CNT
base layer. InArticle 3 the lateral morphology of PEMs is investigated to create a tunable and
controllable surface structure. To be exact the seHpatterning 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 selfassembly 3335 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.?¢ 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 wei ght 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. 3. 31t 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 4.Being able to tune the topographic structure described in Article 3 , the next
guestion is: Is it possible to create surface charges, that are suitable forells, 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 (PDADM A) and a high (PSS) linear charge density solved in
0.1molar 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

f UOOwWUT 1 wWEEOUDPOI YI UwPOWEOOEPOEUDOOwWPBHUT w' 600601 z L
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}, 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* 4 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.4

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.+™~° 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) p roteins (Collage |, Matrigel), a peptide
sequence of Arginyl-Glycyl -Aspartic (RGD), amino polymers (plasma polymerized allylamine
(PPAAmM), poly(ethylene imine) (PEI), poly(propylene imine) dendrimer generation 4 (PPI -
G4), (3aminopropytriethoxysilan (APT ES)), 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 Sztriphosphate (ATP)
concentration. Results were statistically evaluated through non-parametric Kruskal -Wallis
i O000OPTI EwEaw# U007 UwOUOU D xpgalameki©\Wikedxdn indtéhé&ltpais | U0 U w O
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 com bination 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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2.1 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. 5° 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 mono mers, low-molecular and reactive molecules.s°
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. 5t

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

Linear Cyclic Branched Network

R =

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. 5052530ne of the most common and industrial used ones is chain-growth

polymerization, especially the free radical one.5* 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 2°onto a
monomer M, which then leads to an 2 - °radical.

Y b oy §°
For the initiation there are two possibilities for addition:
Y° 606 'O8 Y-6 'O6'0 (1

0 'Y-§ 00 0
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Following the initiation, th e next step is propagation. The chain growth starts/continues
through the addition of more monomersona 2 - Zradical:

Y 62 b oy 5
or, more general Y 02 0oy §°

with 0 number of monomers within the radi cal. The average growth rate is approximately
one addition per millisecond. Here, again are two forms of addition:

Y6 '08'06 6 'O '08 Y-6 '08 0B 050G 0
0 Y. 06 0@ ‘OGO . (1)

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

e § 0600 EOBEO O b 08 0GH 'OFO  (a)
e § OO0 EOGEO O e OEOG 6 08D B, (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
polym erization, 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 0 and weight -
average molecular weight 0 are used. They are defined as followed

. BeD
)] -
B ¢
. Béi‘)s
0]
Beo

Thereby, U is the molecular weight of a chain, ¢ is the number of chains of molecular weight
0 , and "Gs the number of monomers.% 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 &. For a homopolymer, & can be calculated as numberaverage
@ or weight-average® degree of polymerization as followed

&

C=| c

. 0 .
U
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with 0 the molecular weight of the repeating unit or monomer. 54 Ad ditionally, 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 Dy namic Light Scattering (DLS), the Polydispersity Index (PDI) can be
obtained. It provides the broadness of molecular weight distribution and is defined as
0L 0O'0—8
0
The larger the PDI, the broader the molecular weight. Monodisperse polymers, where all chain
lengths are the same i.e., protein, have & O & 1.5

Another important point in molecular physics to characterize polymers is the contour length
a  (c.f. Figure 1). It describes the maximum end-to-end distance of a linear polymer chain
and is calculated through ¢ (number of monomer bonds) multiplied by a(length of a single
monomer unit).

lcont

A

»
>

<«

n — bonds

Figure 1. Description of the contour length | cont.

One factor, which affects the contour length of a polymer is the bonding angle —  between
monomers (c.f. Figure 2). The maximum chain length &  for a fixed bonding angle —  can
be calculated as

a ¢ed e j¢.
Is — arbitrary, instead of a , the average endto-end chain distance & O will be
determined. With n segments a Gis determined as
a a ¢x8
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 & &. Thereby, the relation between the average chain distance and the radius of
gyrations is as follows

Ql
Qf

e o 8
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Opona arbitrarily

Figure 2. Description of the polymer len gth depending on the bond angle — : (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., polypeptide,
modified neutral (i.e., cellulose), and synthetic (i.e., polystyrene sulfonate (PSS))s8 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 buidup of polyelectrolyte multilayers (PEMs). %9

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
H,
N N ﬁH/\/E—J\J/N
Structure N* X (OH)s
/\ @) L (Na™) NH
3 +
Linear Linear Branched
Mw / kDa 44.3, 322 666 750
PDI 1.99, 2.19 <1l.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 soluti on for most reasonable pH values.

For example, in this case, PDADMA and PSS are considered strong PEs, whereas PEI is
considered weak.®° 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 tha 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 _ , the separation at which the electrostatic interaction
energy between two elementary charges is comparable in magnitude to the thermal energy
"0"Ygives insights into the range of electrostatic forces between two monovalent charges. In
Gaussian units with 4 “ - (with - the vacuum permittivity) =1, _ is described as

Q .

— 0 \)1
where Qis the elementary charge,- the relative dielectric constant of the medium, 'Q the
Boltzmann constant, and "Vis 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_ OwWE wOl EVUUUIT wOi wEwET EUT T WEEUUDI Uz Uwob
and his persistence?! characterizes the range of this cloud of an electrolyte as followed

with Q the Boltzmann constant, 0 U1 1 w Y OT E E U 0z Utow Othedobit siréngitEdd E w
the electrolyte. In this connection, _ 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 sectons 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.

10
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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 chans due to
intermolecular repulsion forces, whereby the chain adsorbs flat.

More mobile

l

Less mobile

| ©) © (©) [©) © Substrate (i.e. silica) |

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

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

When it comes to substrate surface madifications 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. 416264 |n 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, %5 mechanicalf® and electrical properties,®” 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 singlewalled 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 6 , the lattice vectors @ and @ , and the chiral angle — the
tube types differ between armchair, zigzag, and chiral (c.f. Figure 5). MWCNTSs on the other
side are multi-layer concentric graphite.® 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.

11
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This technique was first practiced by lijima in 1991.6% "°Figure 6a shows a schematic build-up
of an arc discharge chamkler 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 singlewalled carbon nanotube by rolling up an infinite strip of graphite sheet.

(a) Connection of two lattice points Oatice and Auntice ON a graphene sheet via the chiral vectoré &¢® a ®.
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."Yis the primitive translation vector of the nanotube. The nanotube is uniquely specified

by the pair of integer numbers &, & or by its radius 'Y 6 j ¢* and chiral angle — which is the angle between
0 and the nearest zigzag of G C bonds. (b) Structure of an armchair tube (¢, €) with — o 1 {c) structure of
a zigzag tube €, 0) with — 1t Jand (d) structure of a chiral tube.™

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 + 2mm. 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.

(a) Gas inlet Gas outlet J,,--»"'/( (b) N
e 1 E;’l;;;;{i;:l;;{”W"""‘E—_lr _ _‘,r;";
b Deposition 7,_,.«"/'”-
NNy Cathode Anode /
T
—
()
\‘x\ Precursor + Catalyst
Cathod Anod
Closed chamber - 2o noce /
(€] crct ctet N
. —
Base “ 1 e e e
. _— —
. —
-~ Power supply h *+. | Cathode CRCiaCith Anode
o)

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., 20145%°
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2 Theoretical background and methods

The plasma generated through the arc current reaches temperatures betweeri 4000¢ 6000K.
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. 199572 Here, the principle and mechanism are similar to the
arc discharge method. CNTs produced with this technique exhibit a relatively high

crystallinity and stra ightness. 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

Gas Inlet Gas Outlet

v

4

— Graphite target -~

R e RN L

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

Laser

Transition metals like Co or Ni are firstly doped as a catalyst into the graphite tar get and
placed in the reactor. After reaching a reaction temperature ofx 2300K 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 meth od 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. 7#Here, the carbon source is
a hydrocarbon substance that is cleaved into carbon clusters on the surface of @atalyst particle
through thermal dehydrogenation.

13



2 Theoretical background and methods

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. ¢ The properties of CNTs synthesized by
such methods depend mostly on the atomic arrangement, tube diameter, tube length,
morphology, or nanostructure.

LU0 mamace 00

Hydrocarbon I

RO e 0]

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

Substrate

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¢to 1.2 x 10*

cm.”” In combination with a known surface size the specific resistance " can be calculated
and thus with its inverse 1/” the conductivity. Also, each carbon atom is arranged in a
hexagonal lattice covalently bonded to three adjacent carbon atoms through sp? 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.”:
8\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.” ( U U w 8 O Bddlusziddbetddeen 270 and
950 GPa with a tensile strength between 11 and 63 GP& Also, their radial elasticity is an
important factor when it comes to the fo rmation of CNT nanocomposites. This allows CNT
applicationsi.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.

14



2 Theoretical background and methods

Additionally, all C NTs are expected to be good thermal conductors along the tube and exhibit
a property known as ballistic conduction. &

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 x 3500W m-1 K-8t whereas the thermal conductivity of
i.e., copper as a metal known for its good thermal conductivity, is 385 W m- K-1. The stability
of CNTs regarding the temperature is estimated up to X 3000K in vacuum and ¥ 1000K in
air.82

In this work, a mixture of SWCNTs/MWCNTSs 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. (20143 the CNTs were treated with a mixture of concentrated H :.SQ: and HNO s
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 CNTSs functionalization i.e.,
which parts of the PEs and CNTs areable 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 8+ 8

Hemispherical Analyzer

Analyzer
lense

Electron gun
Monochromator
Focusing
lenses
Retarding
X-rays 4 lenses
Electron beam
I Position
s B sensitve

detector

Anode

Figure 9. Schematic representation of an X5 system (left) and photoelectron emission from a sample surface (right),
with ‘Qthe depth of analysis, —the take-off angle, and _ the mean free path of an electron. (adapted from Cushman
2016)8
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2 Theoretical background and methods

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. 1 905 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 (') not the intensity or duration of exposure to the
incident electromagnetic radiation. Also, the kinetic energy (O ) of an emitted electron is
related to its binding energy (O ). O is well known for the electrons of a specific
atom.8” Because atoms have multiple orbitals at different energy states, the resulting response
will be a range of emitted electrons with d ifferent binding energies which results in the XPS
spectrum. The relations can be described as follows

(0] (0] (0] . h
where O is the kinetic energy of the photoelectrons measured by the instrument,
0O is the energy of the incident photon (monochromatic X -ray in this case),O is
the binding energy of a given electron, and is the work function, the energy difference

between the vacuum energy (O) level and the Fermi (C) level of a solid used in the
experimental set-up.88

The energy source is a monochromatic beam of soft Xrays 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 he formal oxidation state, and the local
bonding environment such as the identity of the nearestneighbor 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®

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 layert
byt layer (LbL) method, invented by the group of Gero Decher. 1% 90|t is a simple and robust
method that does not require sophisticated equipment, precise stoichiometry, or complicated
chemical reactions to deposit successive layers?!
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2 Theoretical background and methods

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.®2

Polycation
solution

Polycanion
solution
. |5

JajEp - UOITIIS

(Repetition)y

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. 9t

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 | Felyarions \ | Folyeations:
includes colloidal particles (i.e. gold) 2 %3 or other ;i\:s | roanA
nano-materials like modified CNTs % 9 to

continuous film growth

produce multifunctional hybrid carrier systems
or films. Therefore, the LbL technique met all of

our needs and dlowed 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.

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

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. Itis 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
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2 Theoretical background and methods

nanometers laterally.% 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,®”
dispersions of nanomaterials,®® or soft surfaces, like polymers, or individual molecules of DNA
can be imaged.® Therefore, using AFM allows us to gather detailed information about our
coatings' surface topography, roughness, and electrical surface charges.

(a) ~ (b)
Photodiode fa
Mirror

Cantilever

N Sample
A AA‘,mm :| surface v

—
& A T ) T —

Figure 12. Schema 6an 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).10Here, 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 + 10nm. 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 ( D . .

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 ( D .), and the
very short contact time, which ad ditionally 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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2 Theoretical background and methods

However, defined interaction geometries can still be obtained for AFM by the so -called
colloidal probe (CP) technique.t 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

(C) Surface Separation

(@) (b)
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g | Separation) ‘\(Ontaq ******** Hardcore
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Figure 13. Schematic illustration of a colloidal probe technique for direct force me asurements. (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 suface

separation.

It is experimentally easier to measure the interaction force between macroscopic bodies than
their interaction potential. 14 In 1934, Derjaguin® introduced an approximation for the
relationship between interaction energy and surface force "OO that holds when the distance
'O (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. 19 The approximation is mainly suitable for the AFM CP technique. Given two
spheres with radii 'Y and ‘Y , the interaction force between them is

Regarding a sphere (Y ) interacting with a surface (Y  Hb), it is convenient to normalize
the force in the CP technique to'Y. Than the interaction force is

00 ¢“'Yw 08
Using the interaction force "O'0 in dependency of the surface separation O, electrostatic and

steric forces, can be investigated.

Steric forces are interaction forces thatarise 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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2 Theoretical background and methods

distances). In order to decrease this interaction, groups or atans 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 shat 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 (theso-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 Overb eek further extended the theory of electrostatic forces
and included additional van der Waals (vdW) interaction in aqueous dispersions. 42 43.108The
theory, in short DLVO, is explained by the interplay of two for ces: the attractive van der Waals
force and the repulsive electrostatic double-layer force.l® |t 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

w0 w 0 w 0O

With w 'O is the interaction energy (per unit area) due to the electric double layer and
o 'O 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

0

W O -
pco

8

Here, "Ois the Hamaker constant and in most cases positive which results in an attractive O A 7
force.

Importantly, DLVO theory is applied to describe the interaction forces between polymer
brushes. Polymer chains are a bush-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 colil arrangement.
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2 Theoretical background and methods

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 brushes2¢

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 potential® 110(c.f. Figure 14). If the chamber surface is charged (i.e., thragh
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 w “¥

Inlet @ Outlet

Electrode

Strearrﬁng ..............
Channel ~

D@

Figure 14. Schematic setup for a Streaming Potential process. Measured is the pressure differenc¥” fthe current I,
and the voltage drop (oU).

Sample material

There are two forms the SP can take. One is the transversal SP where the flow is through a
porous plug of m aterial (i.e., membrane pores). The other one is the tangential SP.
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2 Theoretical background and methods

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 countercharges downstream generates an
SPacross the capillary and causes a conduction current through the capillary in the reverse
direction. This opposes the mechanical transfer of charge, causing backconduction by ion

diffusion and electro -osmotic flow.

The charge transfer originating from t he 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 —, a parameter for dynamic surface potentials, the gradient of the best fit
linear line in combination with the Helmholtz -Smoluchowski equation is used.

VY- |
Yo - -

Here, w "Yw Ois the ratio of electrical streaming potential & "o pressure drop w ( Il is the
conductivity of the electrolyte solution, — the dynamic viscosity, - the relative permittivity of
the liquid, and - 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,!2 microelectronics, or optoelectronics,*4 ultrathin films, o r
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)!'> 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 changein polarization and intensity
as light reflects from a thin film is measured. This change is represented as an amplitude ratio,
"OwWEOEWUT 1T wxT EUI Ow, w3l 1 wOl EVUUUI EwUI UxOOUI
of thin layers. Ellipsometry is primarily used to determine film thickness in the range of 1 nm
uptols OQwb 1 D Eds th€Xxé&chnique 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
‘Qof a wave is always orthogonal to the propagation direction é@and can be described by its x
and y-components. Since the wave is transverse, the electridield intensity vector processes
along an elliptic trajectory in any plane perpendicular to the direction of propagation. Here, in
one period of ¢ 5 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 zaxis of the right-handed cartesian coordinate system xy-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 G ¢ in the plane & Tcan be written as follows

0 ¢ Y
YQ

. . G 8
0 ¢ W

Q0
Here, O 0 and'O 0 are the complex amplitudes of @ 0 along the x- and y-axis, 'Y ‘QQ is the
real and "O&™Q is the imaginary part of the complex quantity "Q s the relative phase,] the
angular frequency, and othe time.

At the initial time 0 0, the y component is at its (s direction)
maximum as indicated with the dashed arrow in y
Figure 15. The x conponent reaches its maximum
after the time interval of 7 (dotted arrow).
Thereby, the angle is related to the relative phase At=to+ Mo
Y of the vibration along x - and y-directions. Are the
values of positive, the sense of precession is

clockwise, and the polarization is called right - ] f M
handed. If is negative, the polarization ellipse goes (p direction)
counter-clockwise and is called left-handed. The Y

values of are usually limited to the interval from

zeroto¢”, orfrom *“ to K

t=t,

A

>

The state of the elliptic polarization is also described X

by the amplitudes X and Y alongside the phase shift rig,e 15 Ppolarization ellipse of light,
. To be precise, only the relative amplitude X/Y iS described by the ellipsometric angles* and . .

relevant. It can be expressed with the help of the The polarized wave propagates in the positive

angle shown in Figure 15 which is given as OAIl sense of the z axis, which points towards the

&G, varying from ze ro to * 7. With the help of the "€3der

two real angles and the0 € ¢ GO £ |

can be written as a representation of the elliptic polarization. An important notion in dealing
with polarization is that of the or thogonality 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

0éiQ i Q% Q

[ Qk OEjg
There are three different polarization states: linear, circular, and elliptical. Thereby, the most
general polarization of a monochromatic light wave is elliptic.
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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- Compensator
sample-analyzer (PCSA, c.f. Figure 16) can  (optional)
be used to determine the two ellipsometric
parameters of the sample. The process Smp]e[ e
consists of finding component settings for

extinguishing the light at the detector. The Figure 16. Principal set-up of a polarizer -compensator-
azimuth of the polarizer (f, ) and sample-analyzer (PCSA) configuration.

compensator (0 ) 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 (0 ).

Detector

Setting the azimuth of the complex amplitude zero, the linear equation of the complex
reflectance ratio can be obtained as follows
towd 6 0 &

” — — 0O 8
OB 06 0WE p

Thereby, T is the complex transmittance ratio of the compensator. It is defined as
t 00eQ’h

and can be expressed in terms of the angles and Y . There is a significant simplification for
results of a quarter-wave (f ~ "Pcompensator set at the azimuthof 6  “ 71. Here, the output
intensity is extingguished for two settings 0 i and 0 [ related by 0 0 o (O -
state of polarization, 0 - analyzer azimuths). In addition, these azimuths are related to the
measured ellipsometric angles

0, Y ¢ “Ic, ford T

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 (0 f/® and 0 [ ) 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 Qand
the refractive index ¢ of the adsorbed CNT/PE film (c.f. Figure 17). This is done by a numerical
data evaluation of the experimentally determined ellipsometric angles and Y as a
function of the angle of incidence |
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2 Theoretical background and methods

For a two-layer system (Si/SiQGJ/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 (& phé p& LAAT &  oR Y ¢ T8t p'@Hs

et

inc
\

d (e.g., CNT/PE coating)

//' /% _ Environment
VVVY

—

! Osio,| _ | Silicon oxide layer

transmission ™ i _ Substrate
Figure 17. Representaton 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 ( ¢  refractive
index of the environment (e.g. air or water), € refractive index of the coated film, & refraction index of the silicon
oxide layer, and ¢ refraction index of silicon).

Given a pair of values (Q €), bothi and i (complex reflection coefficients of p- and s-
polarization) can be calculated with the help of the 0 "QiIQ® 6 & @ied by

lp 1R ip 15 i

p 1Rl [X P 1RlRN

with i ; the Fresnel coefficient of the p-polarized component at the environment / coating
interface and 1  as the component at the coating / substrate interface. This applies
analogously for the s-polarized components i j andi . Also, the phase shifte , given by

.t hEIT—h

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  _ inside the
coating is represented by the angle| . Therefore, the layer thickness changes the reflection
coefficient via the relative phase 3.

However, the ellipsometric measurement only gives information about the complex
reflectance ratio ” with ” 1 ji . Due to its complexity, ” provides a complex number
consisting of areal part'Y'Q@ and an imaginary part "“Q"O% . Through the measurement of the
ellipsometric angles  and ¥ the complex number of ” can be given in this polar form as ”
OA 0Y. With the help of the & "QIQd 6 ¢ ptiR&atio” 1 ji can be calculated and fitted
to the experimental values” O A T 07 by varying the parameters ‘Qand &, which we want
to know. Using one set ofQand ¢, for several ellipsometric measurements there are differences
between calculated and measured angles. The mean squardlifference at all incident angles is
defined as follows
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N p . .
w Qe 3
U

Here, (7 is the number of individual measurements at different angles of incidence. The
minimization of & ‘Of¢ provides the values of ‘Qand ¢ which describe the properties of the
coating at bestzé. 117

2.2.6 UV-Vis-NIR spectroscopy t 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]t 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.

Monochromator

Ray plate 1) H
BN ——|D
N ”
Sample Coated \
cuvette glass slide Detector

Mirror

or /
Light source (I,) H

Reference Reference
cuvette glass slide

Figure 18. UV/VIS/NIR spectroscopy: Principal mode of operation.

Considering the absorption spectra of unsorted CNTs,!2 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 O is defined as
o ¢ ”dO A
a e — -
O
with "Othe incident light intensity, "Othe intensity of the light transmitted through the sample,
- molar absorption coefficient in M -icm-1, comolar concentration in M, and éthe optical path

length. Knowing the concentration ®of our CNTs in the suspension, the optical path length
P61 6O0wUT 1 wOil PEOCOT UUwWOT wUOT 1T wEUYI 001 OWEOEWUT 1 wol EL
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2 Theoretical background and methods

we are able todetermine the extinction coefficient - . Thereby,- is specific for our CNTs. This
also allows the calculation of the CNT surface coverage of our coatings.

Here, we use the BeerLambert-law as follows

‘O .
O «ac¢ QB - M 8
Instead of the cuvette thicknessdhwe use’Q  (film thickness, measured with ellipsometry) as
optical path length. This allows the estimation of the CNT concentration ¢  of our coated
surfaces, thus the catulation 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'y, resistivity ” , and electrical conductivity , . Due to
the ohmic behavior of the coated films the electrical resistance can be simply calculated as

Y Yﬁ
"o

with "Ythe applied voltage over the electrical conductor and “Ghe current that flows through
the conductor. Knowing the sample size and the thickness Q (from ellipsometric
measurements) of our coatings, the resistivity ”  can be calculated according to

0 @)
” YC)U— 'YC)U,—CD8

Here, 0 is the crosssectional area of the coating,, the length and w the width of the coating
(c.f. Figure 19). The conductivity ,, is the inverse of ”

(Top view)
Substrate
(glass slide)
Width W / cm CNT/PE multilayer
[«<— Cu-Electrode (+)
z 1 Thickness d / nm
c g NN
CNT/PE =
Length . <
L/ Cgm multilayer | § Substrate (glass slide)
J (Front view)
i«<— Cu-Electrode (-)

e
" Width W /cm'

Figure 19. Schematic representation of the electrical measurement setup.
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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 0.25mg/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 percolatio n transition occurred. At this point,
the film, or more precisely the deposited CNTSs, forms a lateral homogeneous net structure that
resembles fallen jackstraws with now multiple CNT crossing points and nods. This enhanced
the electron transport significan tly. 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 0.25mg/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 (CNTSs), in a controlled way in air are possible. These films have to be stable and
tunable not only at ambient but also at agueous 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 CNTSs, 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 elec trostatic
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), 1049a010498.

Cell adhesion and proliferation on modified surfaces not only depend on th e 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 (M w(PSShot) =10.7kDa) 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 wa s observed. However, after seven deposited PDADMA/PSSsor bilayers, films
built from PSSshor Started to begin the process of selfpatterning shown via AFM images. With
each additionally deposited PDADMA/PSS short 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 PSS shot ¢+ oOr
PDADMA -terminated. Films terminated with PSS shor 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 a nd 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.

Surfacecharges 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.Imol/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 preparat ion 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 nortlinear regime, the surface charge
density is negative, while in the linear growth regime, it is positive. Always, it is low (one
charge per 200¢ 400nm?2) at ion concentrations below the preparation concentration. The
observed reversal of surface charge density in PSSerminated 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 solutio ns 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 pseudobrush 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 lon 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 tathe cell/substrate interface can significantly
affect cell adhesion and function. Therefore, a variety of different surface coatings were used

In this work, multiple titanium surf aces were modified with amino polymers, extracellular
OEUUPRwW xUOUI DPOUYx1 xUPEIT wOOUDPI UOw EOE wpstehtasi Ol EU U
between -90mV and +50mV. The intracellular calcium mobilization, representing cell

activity, was significantl a8 wi OT EQOET EwOOwUUUI EET Uwpk b UlpatestislO OET UE C
between +1 mV and + 10 mV compared to their negative counterparts (- 90mV to ¢+ 3mV).

" DT T w U U-potertigld wp ¢o + 50mV led to increased losses of membrane integrity,

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

Ul EOwWDOEUETI wEOQwWHOUI OUDYI wEI OOwUI Ux-fo@ettiblSare’ OP1 Y1 |
necessary to significantly increase cell viability and proliferation.
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The combination of the Layer-by-Layer (LbL) method, a nano-material such as carbon
nanotubes (CNTSs), and charged polyelectrolytes (PES) is a reliable approach to produce highly
functionalized surface coatings. These coatings are stable, controllable, ultrathin, 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 electically 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 —potential)
must be prepared.

At the beginnin g 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 withi n 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
Ul UPUUEOGET OwbkT BDOI wUI 1 wE 00 BéEmdgarbléss afittd nOnbBrOfi E WE OO (
bilayers. Increasing the PDADMA molecular weight ( Mw) from 44.4kDa to 322kDa 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 CNTSs.
Overall, we were able to prepare stable and electrically conductive multilayer films.
Additionally, by varying the prep aration 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 aqu eous
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 o ccur for polyelectrolyte
multilayer films (PEMS) in solutions were investigated.
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For the film preparation, PDADMA (M w =322kDa) 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. Consequentl y, 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.
(OQwuUOOUUDPOOOWUT 1T wi PAAA)UwhichOrikes$ thiebr evatrhoteRdnPactger w s
they remain stable. The result is an increased electrical conductivity from 9.6 kS/m, in the dry
state, up to 15.3kS/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 preparati on 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 shor t PSS, especially at M, rss=10.7 kDa, began to seHpattern
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 thi ckness led to an increased lateral mean distance between the surface
structures. Scanning Electron Microscopy (SEM) imagesshowed that exposure to a vacuum
resulted in a decrease in the film thickness attributed to water removal, while the mean
distance beween 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 PEMSs,
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 PEMcovered 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 (I naci), starting with deionized water, then enriched up to

1 mol/L NaCl. The interaction force between a CP and the surface was measuredThus, 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
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 slight ly positive
near the transition to positive in the linear growth regime. At the lowest ionic strengths (Inact)
the range of the surface potential goes from¢ 40.5mV (9 BL, parabolic) up to + 50 mV (19BL,
linear).

In contrast, polycation (PDADMA) termina ted 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 startto 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 E 1 1T B BB &hdikésults in steric surface forces.
Changing the surrounding | naci 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 PEMSs. Investigated was the cell interaction
PPUT wUI 1T wUUUI EEI wobtentiak,aiparameter God dyrédamid) stidagespatential.
Here the cell activity is measured by the mobilization of calcium (Ca 2¥) within the cell as a
i UOE UD O G poteitial dfithe substrate and the externally applied electrical potential. The
El OOWEEUDY b U apaddtiabpfokidet by the samplelsirface, is suitable or not for
the cells. The favorable interaction with the substrate is also reflected in the cel morphology
and proliferation.

The results showed that highly negative ¢ - potentials between -90 and -3mV led to a
decreasing/reduced Ca&* mobilization which correlates with reduced cell activity. Nearly
Ol UUUEOQwWUOwWOOET UE Udpatentall+EL ibb- YO m)U.&l, P B Stefrinkted @EMs
are able to promote cell adhesion and growth as demonstrated by an increased Ca&*
mobilization. The access to the intracellular Ca?* stores, provided by the external stimulus, is
now more effective and suggesUUwEw i BT T 1 UwET OO w E Epdentiastup ow ( OEUI |
&+ 50mV (highly positive), i.e., PDADMA - terminated PEMs with pseudo -brushes, resulted
in restricted cell viability and impaired Ca 2* mobilization, which led to a disturbed cell
morphology and proliferation. In conclusion, only surfaces, terminated with i.e., PEI, with
OOGEI UEUI w x OUP U-pofdntial B11 HEAJ+100\MY ap® able to improve the Ca?*
mobilization and thus the cell activity and proliferation. PEMSs with a PSS termination provide
negative — 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 writ ten
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 PEMSs, 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 Ca?* 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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6 Abbreviations

A

AC

AFM

APTES

ATP

BL

CNT

CP

CvD

DC

DLS

DLVO

DMEM

DNA

ECM

LBL

MWCNT

P

PBS

PCSA

PDADMA

PDI

PE

PEI

PEM

Analyzer

Alternating Current

Atomic Force Microscopy

(3-Aminopropyl)triethoxysilan
El OO U-bifhbspiate

Bilayer

Compensator

Carbon Nanotube

Colloidal Probe

Chemical Vapor Deposition

Direct Current

Dynamic Light Scattering

Derjaguin, Landau, Vervey, and Overbeek

#1 E1 EEOz Uw, OEPI Pl Ew$ET Ol zUw, 1 EPDUO

Deoxyribonucleic Acid

Extracellular Matrix

Layert byt layer

Multi -Walled Carbon Nanotube
Polarizer

Phosphate-buffered Saline Solution
Polarizer-Analyzer -Sample-Analyzer
Poly(diallyldimethylammonium chloride)
Polydispersity Index

Polyelectrolyte

Poly(ethylenimine)

Polyelectrolyte Multilayer
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6 Abbrevi ations
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 Ultraviol et-Visible Near-Infrared
vdw van der Waals

XPS X-ray Photoelectron Spectroscopy
Ca Calcium

Co Cobalt

Fe Iron

H2SOs Sulfuric acid

HNO s Nitric acid

Mo Molybdenum

NacCl Natrium chloride

Nb Niobium

Ni Nickel

Si Silicon

SiO2 Silicon oxide

Ta Tantalum
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7 Symbol dictionary

ea — -~

[oR

@ O O O

Absorbance
Absorption coefficient
Angular frequency

Average end-to-end chain distance

Avogadro constant

Binding energy

Bjerrum length

Boltzmann constant

Bonding angle

Chiral angle

Chiral vector

Complex reflectance ratio

Complex reflection coefficient of p -polarization
Complex reflection coefficient of s-polarization
Concentration

Concentration of carbon nanotubes
Contour length

current

Debye length

Degree of polymerization

Dynamic viscosity

Electrical conductivity

Electrical streaming potential
Elementary charge

Ellipsometric angles

Energy of incident photon
Extinction

Fermi energy

Field vector
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Symbol dictionary

Film thickness
Hamaka constant
Incoming light intensity
Interaction energy

Interaction energy due to the double layer

Interaction energy resulting from van der Waals interaction

Interaction force

Inverse Debye length

lonic strength

Kinetic energy

Length

Maximum chain length

Measured light intensity

Molecular weight of a chain

Molecular weight of repeating unit/monomer
Monomer

Number of chains of molecular weight
Number of monomer bonds

Number of monomers within the radical
Number -average degree of polymerization
Number -average molecular weight

Phase shift

Pressure drop

Propagation direction

Radical

Radius of gyration

Refractive index of air
Refractive index of silicon
Refractive index of silicon oxide

Relative dielectric constant
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Symbol dictionary

X

O QU 54 U

Relative phase

Resistance

Sheet resistance

Specific resistance

Surface paration

Temperature

Thickness

Vacuum energy

Vacuum permittivity

Voltage

Wavelength

Weight-average degree of polymerization
Weight-average molecular weight
Work function

Zeta potential
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ABSTRACT

For biological and engineering applications, nm-thin films with high electrical conductivity and tunable sheet resistance are desirable. Multilayers of poly-
dimethyldiallylammonium chloride (PDADMA) with two different molecular weights (322 and 44.3 kDa) and oxidized carbon nanotubes (CNTs) were constructed
using the layer-by-layer technique. The surface coverage of the CNTs was monitored with a selected visible near infrared absorption peak. Both the film thickness and
the surface coverage of the CNTs increased linearly with the number of CNT/PDADMA bilayers deposited (film thickness up to 80 nm). Atomic force microscopy
images showed a predominantly surface-parallel orientation of CNTs. Ohmic behavior with constant electrical conductivity of each CNT/PDADMA film and con-
ductivity up to 4 - 10> S/m was found. A change in PDADMA molecular weight by almost a factor of ten has no effect on the film thickness and electrical conductivity,
only the film/air roughness is reduced. However, increasing CNT concentration in the deposition dispersion from 0.15 up to 0.25 mg/ml results in an increased
thickness of a CNT/PDADMA bilayer (by a factor of three). The increased bilayer thickness is accompanied by a decreased electrical conductivity (by a factor of four).

The decreased conductivity is attributed to the increased monomer/CNT ratio.

1. Introduction

Electrically active implants are often isolators covered by an elec-
trically conducting coating [1,2]. Ultrathin organic films as coatings
were investigated. For applications, the sheet resistance R; of the coating
needs to be low and adjustable. For very thin films to be sufficient, high
electrical conductivity is required [3-7]. One way to reduce the sheet
resistance of an organic film is to make a composite material with
electrically conductive carbon nanotubes (CNTs). Electrically conduc-
tive films of carbon nanotubes have been made many different ways.
However, the influence of film composition on electrical conductivity is
far from clear. We used the layer-by-layer (LbL) technique and found
constant electrical conductivity above a certain number of layers. With
constant electrical conductivity, it is possible to tune the sheet resistance
within an order of magnitude by adjusting (i) the preparation conditions
and (ii) the thickness of the film.

In the LbL technique, films are prepared by the consecutive adsorp-
tion of oppositely charged polyions [8-11]. The film thickness can be
controlled by the number of deposition steps. To identify the

* Corresponding author.
E-mail address: helm@uni-greifswald.de (C.A. Helm).
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composition of the film, absorption spectra of one component can be
used. At first glance, the visible and near infrared (Vis-NIR) absorption
spectrum of CNTs is complicated [12]: Depending on the preparation of
CNTs different absorption spectra are observed, and the correlation
between CNT absorption spectrum and other physical properties of
CNTs is not yet established. However, we find that for a specific prep-
aration procedure typical absorption peaks can be identified.

Kotov and coworkers [13] showed that it is possible to form elec-
trically conductive LbL films by using polyelectrolytes (PE) and CNTs.
CNTs have interesting electrical properties: Due to freely moving elec-
trons, the electrical conductivity of a multi-walled carbon nanotube can
be large (~ 107 S/m) [14]. Therefore, we use multi-walled nanotubes.
However, even for um-thick films consisting of CNTs only, the conduc-
tivity is reduced by a factor of 10 to 100 (up to 6.7 - 10° S/m) [15,16].
Between CNTs, electrons are transferred by a hopping process between
touching CNTs. Compared to a single nanotube, the charge transfer
between CNTs reduced the conductivty of that film by one to two orders
of magnitude [3,4]. Multilayers consisting only of organic poly-
electrolytes have a low elelctrically conductivity; it is fourteen to sixteen
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orders of magnitude smaller than that of a CNT, 107 S/mto 107 S /m;
conductivity occurs by ion transport [17]. Therefore, high electrical
conductivity in LbL films can only be achieved by CNTs which touch at
cross-over points and allow the electrons to hop from one CNT to the
next.

For LbL film assembly, the dispersion of hydrophobic CNTs in water
is necessary. In the past, this was achieved by chemically modifying the
CNTs with functional groups or by wrapping them in polyanions, usually
poly(styrenesulfonate sodium salt) (PSS) [18,19]. LbL films prepared
from two kinds of chemically modified CNTs (one kind of CNT was
positively charged, the other negatively) showed a low conductivity
(200 S/m to 800 S/m), three orders of magnitude lower than found in
films prepared of pure CNTs [20]. LbL films made from single-wall CNTs
wrapped in PSS and a second polyelectrolyte exhibited a somewhat
larger conductivity: 430 S/m with CNTs and laminin [13] or 1000 S /m
with CNTs and polyvinyl alcohol [18]. We shall show that oxidation of
the CNTs and close packing leads to a larger conductivity.

To complement the Vis-NIR absorption measurements, the film sur-
face is imaged by atomic force microscopy (AFM) and the film thickness
is determined by ellipsometry. We modified the CNTs (single-walled/
double-walled mixture; carbon nanotubes ratio > 90%, diameter 1 to 2
nm, length 5 to 30 pm) by chemical oxidation to obtain negatively
charged CNTs. To achieve a high packing density of the film, a strong
linear polycation (polydimethyldiallylammonium chloride, PDADMA)
was used. To adjust the CNT surface coverage per deposition step, the
CNT concentration in the dispersion was varied. To influence the
thickness per polycation adsorption layer, the molecular weight of
PDADMA was varied by almost a factor of ten [21].

2. Materials and methods
2.1. Chemical modification of CNTs

To obtain negatively charged CNTSs, they were treated with a mixture
of concentrated acid. This process is necessary to reduce the hydro-
phobicity of the CNT sidewalls and thus, to increase the dispersion of the
CNTs in water. The acid treatment presumably leads to the formation of
holes and oxidative etching along the walls of the CNTs [22-24]. The
acid mixture of concentrated HySO4 and HNOg3 produces electrophilic
groups like NOy ', which can attack the -C = C- double bonds. This
creates new defects. In addition, the H;SO4 molecule can attack the
created and existing defect sites. A C-OSO>OH bond is formed which,
when reacted with water, leads to a-OH bond [25].

Hydrophobic CNTs (512 mg, single-walled/double-walled mixture;
CNT ratio > 90%, diameter 1 to 2 nm, length 5 to 30 pm, aber GmbH,
Karlsruhe, Germany) were treated with 50 ml of a volume/volume ratio
(1:3) of a HNO3 (60-68%)/H2S04 (98%) acid mixture at 80 °C for 3.5 h
according to the procedure proposed by Lopez-Oyama [22].

The obtained dispersion was filtered under vacuum and washed with
deionized water until the pH of the rinsing water became neutral. The
solvent was removed with the use of a liquid nitrogen rotary evaporator
and modified CNTs were dried overnight via lyophilization. After the
chemical treatment, 65 mg of dry CNTs were obtained (at ambient
conditions), due to addition of some negative charges. This allowed the
CNTs to be used as polyanions. For a fine dispersion in water, raw CNTs
were put in a solution containing 2 wt% sodium dodecy] sulfate (SDS),
purchased from Carl Roth GmbH+{Co. KG, Karlsruhe, Germany.

2.2. Film preparation

Single side polished silica wafer (Silicon Materials, Kaufering, Ger-
many) and microscope slides (76 mm x 26 mm, Carl Roth GmbH -+ Co.
KG, Karlsruhe, Germany) were cleaned according to a RCA treatment
protocol [26] and used as substrate. The polyelectrolyte multilayers in
combination with freshly modified CNTs were prepared by the

Thin Solid Films 745 (2022) 139103

LbL-method [27], sequential adsorption of oppositely charged PEs and
CNTs from solution with the help of a dipping robot (Riegler & Kirstein
GmbH, Potsdam, Germany) and a refrigerated circulation thermostat
(Carl Roth GmbH - Co. KG, Karlsruhe, Germany) at 20 °C.

As polycations poly(ethylenimine) (PEI, branched, M,, = 750kDa,
PDI = 125) and PDADMA (M,, = 44.3kDa and 322kDa, PDI =
2.19) were used. As polyanions we used PSS (M, = 666kDa,
PDI < 1.2) and modified CNTs. PEI was purchased from Sigma Aldrich

Chemie GmbH (Steinheim, Germany), PDADMA and PSS from Polymer
Standards Service (Mainz, Germany). For the polyelectrolyte solutions,
the composition of the adsorption solution was 1 mM PE with respect to
the monomer concentration solved in 100 mM NaCl (Merck KGaA,
Darmstadt, Germany). The modified CNT concentration was 0.15 mg/ml
and 0.25 mg/ml suspended in ultrapure water. The adsorption time for
each deposition step was 30 min with three subsequent washing steps
(each step 1 min) with ultrapure water (nominal conductivity of 0.054
uS/cm, Sartorius arium advance, Gottingen, Germany, followed by
Millipore purification system, Molsheim, France) to remove the loosely
bond polycations or polyanions. For all films the first adsorbed layer was
PEI followed by a PSS layer. Then the PDADMA and the CNTs were
absorbed in an alternating sequence. Therefore, the overall film struc-
ture is PEI/PSS/PDADMA/(CNT/PDADMA)y, abbreviated as CNT/
PDADMA film.

2.3. Atomic force microscopy

Surface morphology was determined with a DI Multimode AFM using
NanoScope Illa software from Veeco (Santa Barbara, CA, USA). As
cantilever a RTESP-300 model (BRUKER, Billerica, MA, USA) was used
with a tip radius < 10 nm. All measurements were done in the AFM
tapping mode with dry samples at ambient conditions. At least 3
different positions of each sample were imaged with a scan size of 5 ym
x 5 pm. For data analysis, the NanoScope Analysis (version 1.90, 32 bit)
software from BRUKER (Billerica, MA, USA) was used. Beside imaging
AFM is also used to quantify sample surface roughness, which is calcu-
lated via root mean square (RMS) deviation from measured height
profiles.

AFM scratch images for comparison with ellipsometric measure-
ments were recorded with JPK NanoWizzard 3 (JPK Instruments, Berlin,
Germany) using OMCL-AC160TS cantilever (Oxford Instruments,
Wiesbaden, Germany) with measured spring constant 61.8 N/m and
sensitivity 29.7 nm/V.

2.4. Vis-NIR absorption spectroscopy

Vis-NIR spectra of the dry films were recorded with a Lambda 900
UV-Vis spectrometer from Perkin-Elmer (Wiesbaden, Germany), at 30%
r.h.. The films were measured directly with the microscopic slides (76
mm x 26 mm, Carl Roth GmbH + Co.KG, Karlsruhe, Germany) at
ambient conditions (= 21°C and relative humidity = 30%). The slide
was covered at both sides due to preparation conditions. To obtain the
absorbance of one film, the obtained values were divided by two. The
determination of the extinction coefficient was done with a CNT sus-
pension in a cuvette (Rotilabo®-single-use cells, 4 ml, Carl Roth GmbH
+ Co. KG, Karlsruhe, Germany). According to the Beer-Lambert law the

absorbance is given by A = — log (IIB) = ¢ -d-c. The incident intensity is

I (at a particular wavelength), I is the transmitted intensity after passing
through a sample with a thickness d, containing a concentration c of the
absorbing species with a wavelength-dependent extinction coefficient ¢.
Absorption was measured from 400 nm to 1800 nm with 5 nm/s steps
and an integration time of 1 s per step.

2.5. Ellipsometry

CNT/PDADMA film thickness dp, was determined by null-
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Scheme 1. Sketch of an electrically conductive film on top of a non-conductive substrate. The sheet resistance of the thin film depends on its length L, its width W
and its thickness dmm. Here, the film consists of a carbon nanotube/polycation (CNT/PDADMA) multilayer.

ellipsometry (Multiskop, Optrel GbR, Sinzing, Germany). A He-Ne laser
(power 4 mW, wavelength 2 = 632.8 nm) serves as light source. A
CNT/PDADMA film is described by a homogeneous film thickness as
well as its complex refractive index ngjm — i-kpim. Here, ngy is the real
part of the refractive index, i the imaginary unit and kg is the
extinction coefficient indicating the light attenuation while passing the
non-transparent CNT/PDADMA film. Effects of surface roughness are
neglected. By measuring the ellipsometric angles ¥ and A of a CNT/
PDADMA film the three film parameters dgy,, Num and «ay, are fitted
using a slab model [28]. However, determining three film parameters
based on two independently measured values (‘¥ and A) may leave the
resulting values vulnerable to parameter cross-coupling. Therefore, all
ellipsometric measurements were carried out at several angles of

incidence (66° to 72° in 1° steps) [29]. Moreover, for each sample
condition light absorption Ag,, was measured independently by Vis-NIR
absorption spectroscopy (Lambda 900, Perkin-Elmer, Wiesbaden, Ger-
many) at the wavelength 635 nm. According to Beer-Lambert law the
absorption Agiy is connected to the attenuation coefficient ¢ = In(10)-
Afiim /dmm which is in turn connected to the extinction coefficient xp, =
a-Af(4x). Thus, for ellipsometric data analysis kg, was always deter-
mined by the condition &gy (Afim. dim) = In(10)-AgimA/ (47-dgim)
reducing the effective number of free fitting parameters to two (dgjm, and
Nfiim)- driim 1S required to quantify the sheet resistance Rs. Therefore, the
reliability of dg,,, determination by ellipsometry is confirmed by AFM.
AFM-based thickness determination is purely mechanically and serves as
an independent method to gain the film surface height distribution
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relative to the substrate. Ellipsometry derived film thickness (with
neglected roughness) matches the mean value of the surface height
distribution within 1 nm error.

2.6. Electrical conductivity

Electrical properties of CNT/PDADMA films at ambient conditions
(10% to 15% r.h.) were measured with an ELNEOS FIVE multimeter
(Ernst Fischer GmbH + Co.KG, Freudenstadt, Germany). The device
includes a waveform generator and a digital ampere- and voltmeter. The
set-up is shown in Scheme 1: a glass slide is covered by an electrically
conductive film. Measured is the ohmic resistance R = ¥ which will then
be normalized to determine the sheet resistance (Rs = w&— with L
the length, W the width, dy,, the film thickness and ¢ the conductivity)
[30,31]. For data analysis, the resistivity p is determined which is the

inverse of the conductivity, ¢ =1/p.

2.7. X-ray photoelectron spectroscopy (XPS)

Surface elemental composition was determined by high resolution
scanning XPS [32,33]. Charge neutralization was implemented by low
energy electrons, injected in the magnetic field of the lens from a fila-
ment located directly atop the sample. Spectra were acquired using an
Axis Supra DLD electron spectrometer (Kratos Analytical, Manchester,
UK) with a monochromatic Al Ka source (1486.6 eV). The instrument
was set to the medium magnification lens mode and by selecting the slot
mode, providing an analysis area of approximately 250 ym in diameter.
Core level spectra of F1s, Ols, N1s, Cl1s, Nals and S2p were collected at
an analyser pass energy of 80 eV and for the highly resolved measured
Cls peak the pass energy was set to 10 eV. Data acquisition and pro-
cessing were carried out using Casa XPS software, version 2.3.22PR1.0
(Casa Software Ltd., Teignmouth, UK). Concentrations are given in
atomic percent (at %). Curve-fitting procedure of the Cls
high-resolution spectrum was performed after Shirley background sub-
traction to characterize the chemical structure of the surface. Peak po-
sitions of the carbon species, based on literature data [34], were:
aromatic carbon (C—C spz, 284.5 eV), aliphatic carbon (C—C sp3, 285.5
eV), hydroxyl (C—OH, 286.9 eV), epoxy (C—OC, 286.9 eV), carbonyl
(C=0, 288.0 eV) and carboxyl (0—C=0, 289.3 eV). The full width at
half maximum of the Cls components was 0.5 eV to 1.3 eV for high
energy resolution measurements.

3. Results and discussion
3.1. X-ray photoelectron spectroscopy

XPS measurements were performed to obtain information on the
chemical composition and the nature of chemical bonds of the CNTs. The
peak fit of the high-resolution Cl1s XPS spectra of untreated and chem-
ically modified CNTs are shown in Fig. 1(a). Changes in the peak shape
of the modified CNT show that a lot of oxygen has been bound to the
surface of the CNT. The Cls spectrum of the untreated CNTs is charac-
terized by a main peak at 284.5 eV with an asymmetric shape attributed
to graphitic carbon sp?. Also, a n-n* satellite peak at a binding energy of
288 eV to 294 eV is observed, typical for CNTs [35-37]. Amorphous
carbon is expected within 284.5 eV to 284.7 eV, indicating mainly sp®
hybridization, carbon with sp2 hybridization and defect sites in a
non-aromatic form [38]. The Cls spectrum of the modified sample were
fitted with 6 peaks (cf. Fig. 1(a)) at binding energies of 284.5 eV, 285.5
eV, 286.9 eV, 288 eV, 289.3 eV and 291 eV, respectively. Again, the
main peak at 284.5 eV corresponds to graphitic carbon sp2. The peaks at
286.9 eV, 288 eV and 289.3 eV correspond to three different
oxygen-containing environments, in particular C—0O, C=O and
O—C=O0. The position of the peaks is expected since strong and covalent
bonds of oxidative carbon lead to lower electron densities at the carbon
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Fig. 2. PEI/PSS/PDADMA/(CNT/PDADMA)y films, with N the number of
CNT/PDADMA BL. Varied was the molecular weight of the polycation PDADMA
and the concentration of the CNTs in the adsorption solution as indicated. The
measurements were performed in air with ellipsometry. PDADMA, PSS and PEI
were adsorbed from 0.1 M NaCl solution. All thicknesses are average values
determined from three different films. The error bars indicate the stan-
dard deviation.

atom, which lead to positive chemical shifts (286.1 eV to 291 eV). The
elemental surface composition of CNT before and after acid treatment is
shown in Fig. 1(b).

After the treatment an increase of the oxygen content from 2.6 at.%
to 21.9 at.% was determined. Furthermore, contaminations of F, Si and
Na originating from the wet chemical process were detected by XPS.
Even if every C atom is oxidized at the exposed ends of the CNTs, this
would correspond to a much lower oxygen percentage than observed (cf.
Fig. 1(b)).

Based on the XPS results, the majority of the oxygen atoms must be
bound to the defective sites on the CNT sidewalls [23,24]. The acidic
oxidative treatment of the CNTs can change its structural properties
considerably. Note that the peak at 291 eV (cf. Fig. 1(a)) corresponding
to the n-n* shake-up transition is reduced considerably after treatment,
indicating a disturbance of the x electron system and thus to a change in
the electronic structure of the CNT side walls [23].

Additionally, the defects on the CNT structure have increased
dramatically compared to the untreated sample (at 285.5 eV) [38-41].
Therefore, we assume that not only an oxidative attack on existing
carbon defect sites occurred, but also CNTs were shortened and addi-
tional defects were generated, which could be further oxidized [38]. In
summary XPS data revealed that the acid treatment introduced hy-
droxyl, aldehyde and carboxyl groups, all of them hydrophilic and
weakly negatively charged in water (pHpodified cNTs in water = 3-8).

3.2. Absorption in solution

Absorption measurements in the near IR (cf. Fig. 1(c)) of fine
dispersed raw CNT in aqueous solution (with the help of SDS) show two
peaks; one at ~ 970 nm and the other at =~ 1140 nm. These peaks are
related to large-diameter single-walled and/or double-walled CNTs
[12]. Interestingly, the acid treatment causing the addition of negatively
charged groups renders the CNTs and allowed a fine dispersion in water
(cf. Fig. 1(d)), yet the peaks attributed to the delocalized n-electrons and
the CNTs remain the same.

From the absorption spectrum of CNTs in solution (cf Fig. 1(c)), the
extinction coefficient ¢ was calculated (¢~81g 'cm ! at 970nm).
Therefore, the CNTs can now be described as polyanions. They were
integrated in the LbL preparation process instead of classical polyanions
like PSS.
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Fig. 3. Comparison of AFM-based and ellipsometric thickness determination. (a) AFM tapping mode image of PDADMA/CNT multilayer film (8 bilayers, M, ppapma
— 44.3 kDa) treated by the AFM ‘furrow method’ [42]. Prior to imaging in AFM tapping mode, a 6 ym x 6 pum subarea was scanned several times in AFM contact
mode with a vertical force of 1.5 pN (region of interest ROI 2, blue frame). The contact force is sufficient to displace the multilayer material, but too low to damage
the underlying Si substrate. The ROI 1 region (green frame) is a typical multilayer region that is not affected by the contact mode process (scratching). (b) Exemplary
sample height profile along a section line through the trench region ROI 2 shown in (a). (¢) Histograms of the height distributions of ROI 1 and ROI 2, respectively, as
depicted in (a). The root mean square (RMS) roughness within the trench (ROI 2) is about 1 nm, as is typical for a bare Si wafer, suggesting complete multilayer
ablation. In contrast, ROI 1 is characterized by an RMS roughness of 8 nm and a mean height of 38.1 nm. This value deviates slightly from the distribution peak (at
36.8 nm) due to the skewness of the height distribution. (d) Color-coded least mean squared residuum of the ellipsometric fitting procedure. Systematic variation of
the fitting parameters dgy,, and Re(ngy, ) results either in good agreement (dark blue region) or significant discrepancy (red and yellow regions) with the experimental
ellipsometric data. The best agreement is indicated by a white cross (dsm = 38.3nm and Re(ng,) = 2.30) and the closed white line indicates the confidence interval
of the parameters. The sample studied is the same as shown in (a)-(c). (€) Measured ellipsometric angles A and ¥ at various angles of incidence a;,,. (black circles) and
the calculated trajectory (black line) determined by least square regression as shown in (d).

3.3. Film deposition monitored by ellipsometry

The film growth of CNT/PDADMA multilayers was monitored with
null-ellipsometry, in air at ambient conditions (cf. Fig. 2) [28,29]. All
measurements were obtained from three films of the same structure,
each built under the same conditions. Averages of these measurements
are shown. In order to verify the thickness measured by ellipsometry we
compared the results with AFM measurements as a cross check (cf.
Fig. 3). For all films studied, the thickness of the first three
CNT/PDADMA bilayers (BL) did grow non-linearly with the number N of
deposited BL. Varied was the molecular weight of PDADMA and the
concentration of the CNTs in the deposition solution.

Starting at four bilayers, the film thickness increased linearly with
the number of deposited CNT/PDADMA BL (cf. Fig. 2). Films which were
produced with a high CNT concentration of 0.25mg/ml were the
thickest, those with a concentration of 0.15mg/ml CNTs were the
thinnest. The variation of the PDADMA molecular weight from 322kDa
down to 44.3kDa did not have any significant effect on the film growth,

respectively thickness. The thickness for each deposited CNT/PDADMA
BL prepared with a CNT concentration of 0.15mg/ml is (5.5 + 0.5) nm,
independent of the PDADMA molecular weight (to be exact:
(5.9 + 06) nm for M\V.PDADMA = 322kDa and (51 + 03) nm for
M, ppapma = 44.3kDa). After increasing the CNT concentration up to
0.25mg/ml, the thickness for each deposited CNT/PDADMA BL also
increased to (16.5 4 1.7) nm, which is about a factor of three larger.
All investigated films appeared stable and homogeneous.

3.4. Vis-NIR absorbance spectroscopy

Ellipsometric measurements showed that the average thickness of a
deposited CNT/PDADMA BL depends on the concentration of CNTs in
suspension. To find out whether the CNT coverage depends on the
polycation molecular weight, the films were investigated by Vis-NIR
absorbtion spectroscopy (cf. Fig. 4). The absorption spectra of individ-
ual CNT/PDADMA films show qualitatively similar single peaks at
1100nm. However, in comparison, the CNT suspension showed two
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(c)

distinct absorption peaks slightly above and below 1100nm, respec-
tively (cf. Fig. 1(c)). The position and shape of the absorption peak are
within the expected range, as a broad absorbtion peak between
900nm to 1300nm has been described for mixtures of CNTs and amor-
phous carbon [12,43]., The single peaks at 1100nm are independent of
the polycation molecular weight, CNT concentration and film thickness.
With each additional BL deposited, the peak intensity increased, as did
the background.

Fig. 4(a) shows the Vis-NIR-absorption spectra for the CNT/
PDADMA films prepared with the heavy PDADMA (M, ppapma
322kDa and cent 0.15mg/ml). For films with 8 BL a maximum
absorbance of 0.2211 at 1100nm was achieved. The same maximum
absorbance (of 0.2211) was observed for CNT/PDADMA films with the
same CNT concentration (0.15mg/ml) but decreased PDADMA molec-
ular weight (44.3kDa, cf. Fig. 4(c)). Thus, it appears that the change of
the PDADMA molecular weight does not influence the adsorption of the
CNTs. In contrast, if the CNT concentration is increased up to 0.25mg
/ml, (Myppapma = 322kDa), the absorbance for 8 BL increases up to
0.2775, which is shown in Fig. 4(b).

The results are quantified and summarized in Fig. 4(d). The absor-
bance at the peak wavelength increases linearly with the film thickness
for all CNT/PDADMA films. The constant slope demonstrates that CNT
amount deposited at each adsorption step is the same, but the exact
value depends on the CNT concentration used.

Whereas the slope for CNT/PDADMA films prepared from cent =
0.15mg/ml is within error independent of the molecular weight of
PDADMA, 0.0057 + 3-10% (to be exact: 0.0053 + 4-10°* for
M, ppapma = 322kDa and 0.0061 + 2-10~* for My, ppapma = 44.3kDa)
the slope for films prepared with an increased CNT concentration of
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0.25mg,/ml is halved (0.0028 =9-10 ®).

3.5. Surface topography

AFM was applied to study the arrangement of the CNTs and the
surface morphology. Images of CNT/PDADMA films for N = 1, 4 and 8
BL with a PDADMA molecular weight of 322 kDa and a CNT concen-
tration of 0.15 mg/ml are shown in Fig. 5(a) to (c). In all cases flatly
adsorbed CNTs are observed. They are randomly oriented and form a
network, which resembles fallen jackstraws. Single-/double-walled and
also bundles of CNTs can be identified. When only one CNT/PDADMA
BL is deposited, one recognizes isolated CNTs, with very few cross-overs.
A film consisting of four CNT/PDADMA BL shows a network of CNTs.
The network is even more pronounced when the film consists of eight
bilayers, additionally an increased roughness can be observed.

By changing the molecular weight and CNT concentration no signifi-
cant difference was observed (data not shown). In Fig. 5(d) the devel-
opment of the film/air roughness ogys is shown for 1, 4 and 8 BL of
deposited CNT/PDADMA BL. Films consisting of one CNT/PDADMA BL
have all the same orys. With increasing BL number, for all CNT/PDADMA
films investigated a linear increase in roughness is found. CNT/PDADMA
films built with a PDADMA molecular weight of 44.3kDa and a low CNT
concentration (0.15mg/ml) showed the lowest increase, with a slope of
Grys (M) 0.89N + 0.03. CNT/PDADMA films prepared with an
increased carbon nanotube concentration (0.25mg/ml) have the lowest
CNT content per nm-thickness according to NIR absorption (cf. Fig. 3(d)).
For films prepared with a higher PDADMA molecular weight, the
roughness shows a larger increase with each additional layer, indepen-
dent of the CNT concentration (6gus, 322104, 0.15mg/m1 (NM) = 1.51IN +
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