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1. Introduction to the Thesis

According to the United Nations, the earth was populated by 7.7 billion people
in the middle of the year 2019. Although the world’s population growth rate
declined to 1.1 per cent per year in the time period of 2015 to 2020 and it
is predicted to continuously drop even further, the majority - meaning 52%
- of the population increase between 2019 and 2050 is believed to occur in
countries of sub-Saharan Africa, which will have the largest population until
the end of this century. [1] Consequently, there will be an emerging demand on
both water [2] and energy. In 2019, the Africa Energy Outlook published by
the International Energy Agency already pointed out that by 2040 additional
580 million Africans will move from the countryside into the cities further
pushing the urbanization and thus the energy consumption of the continent.
Considering the anthropogenic climate change, it would be reasonable to cover
as much as possible of the arising demands by sustainable and energy-efficient
processes. [3]

This brief excursion underlines the importance of the development of ap-
propriate technologies and materials. One way to improve the performance of
existing processes is to incorporate membranes with certain properties. [4] In
the so-called field of membrane separation processes [5], the nanometer-thin
and mechanically stable carbon nanomembranes [6] are promising candidates
for an efficient usage. The range of the permeating species and the perfor-
mance of the membrane itself are predetermined by the original structure of
the chosen precursor molecule [7], which is utilized for the formation of the car-
bon nanomembrane. The semipermeable carbonaceous membrane combines an
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1. Introduction to the Thesis

outstanding water permeance with a high selectivity. [8] Besides water, only
a limited amount of other gases or vapors are able to pass through the car-
bon nanomembrane, whereas ions are rejected. [8–10] This property makes the
carbon nanomembrane attractive for instance to produce drinking water in a
more energy-efficient way.
The objectives of the present thesis are to find new ways to alter and monitor

the properties of carbon nanomembranes in order to facilitate the screening for
efficient custom-made separation membranes. Therefore, it was investigated
how well-known carbon nanomembranes can be functionalized with proteins in
order to alter their properties. Furthermore, the application of radioactive trac-
ers to characterize the membrane’s selectivity in aqueous solutions was explored
to provide a reliable and sensitive method for monitoring the permeating com-
pounds through carbon nanomembranes. Additionally, structurally different
molecular building blocks were utilized for the fabrication of carbon nanomem-
branes to expand the knowledge of the available set of precursor molecules and
thus to gain access to different membranes’ properties.
The present thesis has three chapters treating the needed scientific back-

ground knowledge. First, the carbon nanomembranes themselves are intro-
duced and subsequently some fundamental descriptions for transmembrane
separation processes are given. To allow the reader to follow the conducted
experiments, the utilized instruments and techniques are outlined. The subse-
quent three result chapters present the findings of the performed investigations,
where each chapter deals with one of the three aforementioned different issues
with respect to carbon nanomembranes. Every single chapter is going to in-
troduce the respective current state of research and provides a summary of the
results independently from each other in order to guarantee clarity. The main
part is going to be finalized by the overall conclusion and outlook of the thesis.
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2. From Molecular Self-Assembly to
Carbon Nanomembranes (CNMs)

The term self-assembly covers, generally speaking, the spontaneous and conver-
gent formation of an organized arrangement from a disordered system resulting
from the specific and local interactions between its individual components. Self-
assembly occurs over eight orders of magnitude ranging from the centimeter to
ångström scale in dispersive systems down to quantum dots. [11, 12]

The phenomenon of molecular self-assembly deals, as already indicated by
the name, with the assembly of molecules in the nanometer range. [12] Bigelow
et al. [13] reported the formation of oleophobic films on surfaces from solution
back in 1946. However, it took nearly four decades until the self-assembled
monolayers (SAMs) attracted great interest. Today, SAMs have been inten-
sively studied, those made from alkanethiolates on gold being the most promi-
nent example. [14] The general structure of a densely-packed SAM is given in
figure 2.1. The precursor molecules consist of three different parts: A surface-
active head group, which is primarily responsible for the binding to the surface,
a spacer, which defines the thickness and the intrinsic properties of the SAM,
and a terminal group, which governs the self-assembled monolayers’ surface
properties. [14, 15] One excellent overview on the numerous different SAM
systems is given by Love et al. [15]. Self-assembled monolayers have a wide
applicability in the fields of device development, material science and nanotech-
nology ranging from fundamental research to the manipulation of properties
and the construction of nanomaterials. [14–19]
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2. From Molecular Self-Assembly to Carbon Nanomembranes (CNMs)

substrate

head group

spacer

terminal group

outer interface:
 determines surface properties
 presents chemical groups

interphase (nm range):
 provides well-defined thickness
 acts as a physical barrier
 alters electronic conductivity

and local optical properties

substrate-molecule interface:
 alters substrate
 stabilizes surface atoms
 defines structure
 modifies electronic states

Figure 2.1.: Generalized illustration of an ideal self-assembled monolayer using the example
of alkanethiolates on Au(111). The anatomy and characteristics of the SAM
are highlighted. Reprinted and adapted with permission from Love et al. [15].
Copyright 2005 American Chemical Society. Adaptions taken from Turchanin
and Gölzhäuser [20].

In 2005 Eck et al. [21] reported the fabrication of free-standing nanosheets
made from aromatic self-assembled monolayers. After the formation process
the supported monolayer was irradiated with low energy electrons (100 eV)
leading to cross-linking between the precursor molecules and thus to the gene-
ration of a nanosheet as displayed in figure 2.2 . Later, in 2010, those nanosheets
were termed carbon nanomembranes (CNMs). [22] The development of a gen-
eralized route for the fabrication of CNMs [7] and a suitable transfer protocol
[22, 23], which enables the transfer to any arbitrary material, pushed the in-
vestigation of this novel molecularly thin material. The investigation of the
mechanical [23–25] and electrical properties [26–29] of carbon nanomembranes
characterize it as a stable and insulating material. Furthermore, CNMs can
be converted to nanocrystalline graphene. [30–33] These qualities make car-
bon nanomembranes a promising candidate for sensory and electronic devices.
CNMs also exhibit chemical resistance [34]. By utilizing precursor molecules
with specific chemical moieties, the possibility of further chemical functional-

4



ization [34–38] is given. Consequently, carbon nanomembranes can serve as
templates for a subsequent synthesis on a nanometer scale. The determination
of the permeation of gaseous and liquid substances through CNMs reveal its
potential use in separation processes. [8–10, 39–42] For obtaining a further
overview of the research on carbon nanomembranes it is referred to the reviews
from Turchanin and Gölzhäuser [6, 20].

irradiation transfer

Figure 2.2.: An aromatic SAM is irradiated with low energy electrons and cross-links to a
CNM, which can be detached from the surface and transferred to an arbitrary
substrate. Reprinted and adapted from Yang et al. [10]. Copyright 2020.
Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

The occurring processes during the formation of a CNM are still not com-
pletely clarified, but it is believed that the cross-linking is dominated by dis-
sociative electron attachment (DEA). In figure 2.3 the major steps are shown.
Secondary electrons are ejected due to the irradiation with either electromag-
netic radiation, ions or electrons. By capturing an electron, the precursor
molecule forms a transition negative ion, which leads to the rupture of C-H
bonds. Cross-linking with a neighbor molecule follows and self-quenching oc-
curs. [43]

However, the existence of a stable carbon nanomembrane as shown in fig-
ure 2.4 is only reported for self-assembled monolayers from aromatic building
blocks although recently Neumann et al. [44] successfully obtained CNMs by
utilizing hybrid aliphatic-aromatic precursor molecules. Waske et al. [45] inves-
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2. From Molecular Self-Assembly to Carbon Nanomembranes (CNMs)

Figure 2.3.: Schematic representation of the different steps involved in the cross-linking of
aromatic SAMs: (a) irradiation, (b) emission of secondary electrons, (c) dissoci-
ation of C-H bonds, (d) self-quenching of electronically excited partially linked
molecules. Reprinted with permission from Turchanin et al. [43]. Copyright
2009 American Chemical Society.

tigated the cross-linking of aliphatic, cycloaliphatic and aromatic SAMs and
compared their respective resist properties. The experiments indicated that
the cyclic nature of the molecules is the key characteristic to balance the cross-
linking and defragmentation during the irradiation process. Several studies on
linear aliphatic precursor molecules were done but they were all ambiguous as
to whether a stable network could be formed. [46–49] Even though Schmidt
et al. [50] reported the conversion of an alkanethiolate SAM on a gold surface
into “a ‘sealed’, extensively cross-linked, chemically inhomogeneous hydrocar-
bon film” (reprinted with permission from Schmidt et al. [50]. Copyright 2019
American Chemical Society.) in 2019, so far no attempts were made to examine
the possible existence of carbon nanomembranes on the basis of these findings.

CNM

Si3N4

Figure 2.4.: Helium ion microscopic image (secondary electron mode, tilt angle: ∼ 75◦) of a
free-standing CNM suspended over an orifice in the Si3N4 support. Reprinted
and adapted with permission from Yang et al. [8]. Copyright 2018 American
Chemical Society.
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3. Fundamentals of Transmembrane
Separation Processes

In this chapter some basic theories with respect to transport across membranes
and related characteristics are abridged. First, the essential concept of diffu-
sion is presented. Two mechanisms which are relevant for the present thesis
- namely the Knudsen diffusion and Weber’s disc - are outlined. The second
section deals with quantities which are commonly related in the description of
transmembrane separation processes.

3.1. Diffusion

Above absolute zero temperature the entropy-driven random molecular mo-
tion spatially transporting matter within a system to approach an uniform
equilibrium state is called diffusion. [51, 52] Mathematical descriptions of this
phenomenon in dilute and isotropic substances are given by Fick’s laws of dif-
fusion. In one dimension, the first law as shown in equation (3.1) states that
the flux F is proportional to the concentration gradient of the diffusing sub-
stance along one spatial direction ∂C/∂x. The constant of proportionality D
is denoted as the diffusion coefficient. The negative algebraic sign is caused
by the fact that diffusion occurs in the opposite direction of the concentration
gradient. [52]

F = −D∂C
∂x

(3.1)
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3. Fundamentals of Transmembrane Separation Processes

Displayed in equation (3.2), Fick’s second law of diffusion relates the tempo-
ral change of the concentration ∂C/∂t with the second derivative of the concen-
tration’s one-dimensional location dependence ∂2C/∂x2 assuming a constant
diffusion coefficient. [52]

∂C

∂t
= D

∂2C

∂x2 (3.2)

3.1.1. Knudsen Mechanism

Considering defined geometries and conditions, Fick’s laws of diffusion can be
applied to different issues. Assuming that the molecules’ mean free path is
much greater than the diameter of a straight and cylindrical pore, the diffusion
can be described by the Knudsen mechanism. If the length of the pore is
much larger than the pore’s diameter, the Knudsen diffusion coefficient DK

and accordingly the flux F are directly linked with the square root of the
inverse molar mass M as shown in equation (3.3). The absolute temperature,
the radius of the pore, and the gas constant are represented by T , r, and R,
respectively. [51]

F ∼ DK = r

√
32RT
9πM (3.3)

If the length of the pore is much smaller than the pore’s diameter, the escape
of matter through an orifice into the vacuum also depends on the square root of
the inverse molar mass, which is in accordance with Graham’s law of effusion.
Assuming an ideal gas, the rate of effusion Φeff in equation (3.4) is simply the
product of the collision flux ZW and the area A0 of the hole. The Avogadro
constant is indicated by NA and the pressure by p. [53]

Φeff = ZWA0 = pNAA0√
2πM RT

(3.4)

8



3.1. Diffusion

3.1.2. Weber’s Disc

In aqueous solutions Fick’s second law of diffusion can be applied to charac-
terize the position-dependent concentration through an orifice in a thin film
as illustrated in figure 3.1. Originally known as Weber’s disc, it described the
electric field around a disc-shaped electrode. For the treatment of the opening
the diffusion’s law is expressed in cylindrical coordinates using the variables
r and z. The boundary conditions in equation (3.5) were used to derive the
expression for calculating the position-dependent concentration C as shown in
equation (3.6). The bulk concentration is represented by C0 and the radius of
the orifice is defined as a. [52, 54, 55]

𝑧 ≥ 0, \𝑟 → ∞

𝐶 = 𝐶0

𝐶 = 𝐶0

𝑧

𝑟𝑎

𝐶 = 0

𝑧 = 0, \𝑟 > 𝑎

𝜕𝐶

𝜕𝑧
= 0

𝑧 → ∞, \𝑟 ≥ 0

𝑧 = 0, \𝑟 ≤ 𝑎

Figure 3.1.: Schematic illustration of the diffusion through an orifice in a cylindrical coordi-
nate system (z, r) according to Cussler [55]. The local and bulk concentrations
and the radius of the opening are represented by C, C0, and a respectively.

C = 0, z = 0, r ≤ a

∂C/∂z = 0, z = 0, r > a

C = C0, z =∞, r ≥ 0

C = C0, z ≥ 0, r =∞

(3.5)

C = C0 −
2C0
π

arcsin
(

2a√
z2 + (a+ r)2 +

√
z2 + (a− r)2

)
(3.6)

In the middle of the orifice the concentration is zero due to the first-listed
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3. Fundamentals of Transmembrane Separation Processes

boundary condition. This was initially done to keep the mathematical effort of
finding a solution relatively low. However, considering the point symmetry with
respect to the origin, the boundary condition is modified to C = 0.5C0, z = 0,
r ≤ a. Consequently, the prefactor of the result in equation (3.6) is altered by
a factor of two, because the corresponding gradient is half as large as before:
2C0/π reduces to C0/π without affecting the rest of the expression. Using the
altered description for the location dependence of the concentration, the con-
centration gradient ∂C/∂z can be calculated. As an example, the solution for
the gradient at the position z = 0 is shown in equation (3.7). [52, 54, 55]

∂C

∂z

∣∣∣∣
z=0

= C0
π

1√
a2 − r2 (3.7)

3.2. Permeance and other Characteristics

Several transport mechanisms rely diffusion. Nevertheless, some of them are
classically not described by the aforementioned characteristic parameters. One
of these special cases is the size-selective molecular sieving. A material with
narrowly distributed pores only allows the passage of components exhibiting
a smaller diameter than the size of the material’s pores. Larger molecules are
blocked and thus generating the sieving effect. [51, 56] In order to compare
the performance of different membranes the following characteristics are widely
used. The permeance P specifies the amount of substance permeating through
the membrane per unit area, time and pressure. It is defined as the fraction
of the molar flux F and the applied pressure difference ∆p as shown in equa-
tion (3.8). The advantage of this definition is that the membrane’s thickness
does not need to be known. [57, 58]

P = F

∆p (3.8)

The permeance of gas molecules is sometimes displayed as a function of the
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3.2. Permeance and other Characteristics

kinetic diameter. Following equation (3.9) it can be determined by employing
the molecules’ mean free path λ and the number density n. The mean free path
indicates the averaged covered distance of a gas molecule until it will most likely
collide with another one. The kinetic diameter d is the corresponding collision
cross-section and can be interpreted as its apparent size. [56, 59–61]

d2 = 1√
2π λn

(3.9)

The membrane’s ability to separate two substances i and j from each other is
described in terms of its selectivity α, which is simply the ratio of the respective
permeances as shown in equation (3.10). [57, 58]

αij = Pi
Pj

(3.10)

However, membrane processes also suffer from some weaknesses, which in
general decrease their overall performance. For selective membranes a well-
known issue is concentration polarization. Close to the interface of the mem-
brane the concentration of the passing species is depleted on the feed side,
where the substances to be separated were supplied, and increased on the per-
meate side, where the not retained species accumulate. Subsequently, this leads
to a reduced transmembrane flux. One simple possibility to weaken this effect
is to apply stirring in order to approach homogeneity. [56, 62, 63]
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4. Instruments and Techniques

In this chapter the used instruments and the related techniques are briefly
presented, following an alphabetic sequence. Its purpose is to show the fun-
damental principles, in order to gain a basic understanding for the method.
Equations have been deliberately omitted and only inserted where they were
needed to support the written explanations. Consequently, the methods are
not described in full detail and it is referred to the quoted literature to acquire
a deeper understanding.

4.1. Atomic Force Microscopy (AFM)

The atomic force microscope is an imaging technique allowing the analysis of
surfaces on an atomic level. [64] A sharp tip mounted on a cantilever acts as
the probe and scans the sample. The cantilever’s deflection is monitored by
a focused laser beam, which was aligned to it in advance. The deflection is
caused by the displacement of the cantilever depending on the probe-sample
interactions. [65, 66]

An AFM can be operated in a static or dynamic mode. The most famous
example for a static mode is the contact mode in which the tip and the sample
are in a repulsive contact with each other. Either the deflection (constant force)
or the tip-sample distance (constant height) can be fixed. In order to achieve
this, the respectively other parameter is permanently readjusted and recorded
during the scanning process. Some dynamic modes are the non-contact mode
and the intermittent contact (tapping) mode. In the former one the tip does

13



4. Instruments and Techniques

not touch the specimen. Instead, the cantilever oscillates at its eigenfrequency
close to the surface. The distance is readjusted to compensate the occurring
frequency shifts due to attractive tip-sample interactions. In the intermit-
tent contact (tapping) mode the cantilever is operated close to its resonance
frequency and periodically touches the sample’s surface with an interplay be-
tween attractive and repulsive forces. The amplitude of the oscillation is kept
constant by adjusting the height. In all modes, it is possible to simultaneously
read out additional acquisition channels to collect information, for instance,
about the lateral force (contact mode) or the phase (dynamic modes). [67, 68]

By performing bulge tests on samples suspended over a hole the AFM can be
used for the extraction of mechanical properties. From the observation of the
cantilever’s deflection h at known pressures P (h) the Young’s modulus E and
the residual stress σ0 can be calculated using the Beam’s equation (4.1). The
thickness t and the radius a of the material need to be known. The prefactors
for spherical samples are defined as c1 = 4, c2 = 8/3 and the Poisson’s ratio
for amorphous polymers is estimated to be ν = 0.35. [23, 25, 69, 70]

P (h) = c1
σ0t

a2 h+ c2
Et

a4(1− ν)h
3 (4.1)

The mechanical characterization was done by Florian Paneff using a NT-
MDT NTEGRA PNL system with a self-build sample holder [23, 70]. The
author measured specimens of free-standing alkanethiol films and mixed sam-
ples consisting of alkanethiol and oligophenylthiol SAMs on gold, employing
the same system. Niklas Biere performed the imaging of the surface topology
of pure alkanethiol samples on a gold surface with a RHK Technology UHV
7500 system equipped with a R9 controller and a liquid nitrogen flow cryostat.
The data were processed with Gwyddion 2.55 [71].

14



4.2. Confocal Laser Scanning Microscopy (CLSM)

4.2. Confocal Laser Scanning Microscopy (CLSM)

Fluorescence is one type of luminescence where the absorption of light excites
the fluorophore into a higher electronic singlet state and causes the emission of
radiation on a 10−8 s timescale. [72] Fluorescence images with a high spatial
resolution can be obtained by using a confocal microscope in which a laser is
routinely utilized as the source of radiation. [73] The specimen is virtually
divided into several smaller areas which were illuminated and scanned in a
certain sequence within different focus planes (optical sectioning). By using
point illumination and a pinhole in front of the detector only information from
an object within the respective focus plane will lead to a signal. The complete
sample is reconstructed at the end of the measurement. [74]

An inverted CLSM, model LSM 780 with integrated FCS, from Zeiss oper-
ated by Anna Dreyer has been employed for the measurements.

4.3. Contact Angle Goniometry (CAG)

The observation of contact angles θ is a method to gain information about the
wetting properties of a surface with respect to a certain liquid. If θ = 0 ◦ the
liquid spreads on the surface (“complete wetting”). The terms “wetting” and
“non wetting” are used for contact angles θ < 90 ◦ and θ > 90 ◦, respectively.
When using the sessile drop method, a droplet is placed on a surface and imaged
by a camera from the side. The drop is illuminated by a light source, which
is located behind it. Camera, drop and light source are in one line. Thus, the
droplet appears dark and the shape can clearly be distinguished from which
the contact angle can be derived. [75]
For the imaging process a self-build telescopic contact angle goniometer [76]

was used. The taken images were processed with ImageJ 1.52a [77] using the
contact angle plugin [78]. The shape of the drop was fitted with an ellipse
best-fit and the contact angle was calculated.
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4. Instruments and Techniques

4.4. Gas Permeation Measurements

The exploration of the substance-specific permeance through a material pro-
vides information about its applicability, for instance to separation processes
[8], and can lead to a better understanding of the involved transport mech-
anisms [9, 42]. Experimental approaches for the determination of a species’
permeance use a pumped vacuum chamber which is separated by the material
of interest into a feed and permeate compartment. The feed side is filled with
a certain amount of gas which will permeate through the specimen and be
detected by a mass spectrometer. [79–81]
According to equation (4.2) [41] the permeance P of each gaseous species

was calculated by dividing its flow rate Q through the free-standing sample
area A and the applied feed pressure pfeed. A prerequisite for the validity of
the equation is a well-evacuated permeate side.

P = Q

Apfeed
(4.2)

The gas permeation experiments were done by Daniil Naberezhnyi and Petr
Dementyev using an improved design of the original self-built permeation sys-
tem described by Yang et al. [8]. A detailed description of the experimental
procedure and the upgraded system is given by Dementyev et al. [41]. Briefly, a
HAL V RC PIC-RGA 1001 quadrupole mass spectrometer from Hiden Analyt-
ical was employed for the signal detection. The feed pressure was measured by
a gas-independent BaratonTM capacitance manometer, model 626C52MCE9,
from MKS Instruments Incorporation.

4.5. Gravimetric Analyses

Standard test methods, which allow good reproducibility and comparability of
the results, have been developed to unify the approaches for the determination
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of material properties. [82] The permeance of substances through a material
can be investigated by the mass loss experiment from ASTM International [83],
which is briefly described in the following paragraph. [8, 40]

A container is filled with a defined amount of a liquid and the material to be
tested is mounted on top of the container. The set-up is put into a controlled
environment regarding the temperature and the partial pressure of the liquid.
Due to a pressure difference between inside (high partial pressure) and outside
the container (low partial pressure) the liquid permeates through the material.
The record of the mass loss by a balance after certain time periods allows to
quantify the permeance.

The permeance P can be calculated by using equation (4.3) [8], where ∆m
is the mass loss through the specimen’s area A over a defined time period ∆t.
The molecular weight of the liquid is described by M . The pressure difference
is represented by the term p(T )∗liq (1 − φ). At a constant temperature T the
vapor pressure inside is the saturation vapor pressure p(T )∗liq. Outside φ is the
ratio of the liquid’s partial to the saturation vapor pressure. In the case of
water φ is equal to the relative humidity RH.

P = ∆m
M ·A ·∆t · p(T )∗liq (1− φ) (4.3)

The basic container design from Yang et al. [8, 40] was modified to achieve
a reusable set-up as shown in figure 4.1. The sample part can be detached
from the container. This allows multiple measurements of one sample with
different liquids and the possibility to check it for defects or contaminations by
microscopic methods. Thus, the specimen’s cleanliness and intactness are en-
sured. Copper or Teflon gaskets, which are comparable to a CF flange system,
are used to seal the container. The technical drawings [84] were made by the
mechanical workshop of Bielefeld University and detailed schemes are attached
to appendix A. However, the experimental procedure by Yang et al. [8, 40] has
been conserved.
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     top view      bottom view

Figure 4.1.: Modified container design based on Yang et al. [8, 40] for performing mass loss
experiments: The container can be reused due to the use of gaskets comparable
to CF flange systems. Samples can be tested by several liquids and checked by
microscopic methods. The technical drawings [84] were made by the mechanical
workshop of Bielefeld University.

Each container was filled with 400 µl Millipore water (Super-QTM 4, Merck
Millipore). The experiments were performed in a Shel Lab 1445-2 gastight
oven from Sheldon Manufacturing Incorporated at a constant temperature of
T = (30 ± 0.1) ◦C. Anhydrous lithium chloride (Fisher Scientific U.K. Lim-
ited, laboratory reagent grade) was used to guarantee a constant low relative
humidity environment of RH = 15 % inside of the oven. The mass loss
was oberserved by using a ME36S-OCE (Sartorius Aktiengesellschaft, sensi-
tivity: 1 µg) microbalance. For the evaluation the molecular weight and the
vapor pressure of water are defined to be M = 18.015268 g mol−1 [85] and
p (30 ◦C)∗H2O

= 42.4 mbar [86].

4.6. Helium Ion Microscopy (HIM)

The helium ion microscope uses the noble gas helium as an imaging gas. The ion
beam is produced by a gas field ionization source (GFIS). The collimated helium
ion beam scans over the sample, which leads to the generation of secondary
electrons (SE). These are detected and their counts are used for generating

18



4.7. Isothermal Titration Calorimetry (ITC)

an image. If backscattered helium ions are observed, different elements and
thus materials can be identified. [87] Insulating samples can be imaged by the
alternating scanning with the ion and an electron beam, which compensates
the positive charge of the scanned area. [88] The HIM can also be operated
in the transmission mode. In this mode either the transmitted helium ions
are directly detected [89] or the transmitted beam hits a metal surface and
generates SE, which are then collected [90]. The helium ion beam can be
focused to a minimum size of 0.25 nm [91]. More detailed information on
helium ion microscopy are given, for instance, by Hlawacek and Gölzhäuser
[92].

An Orion Plus helium ion microscope from Zeiss was used and the measure-
ments were performed by Daniel Emmrich and Michael Westphal.

4.7. Isothermal Titration Calorimetry (ITC)

A chemical reaction can either be exothermic or endothermic, which means that
heat is released or uptaken. These small energetic changes can be detected by
the isothermal titration calorimetry. A stirred reference (e.g. buffer solution)
and sample cell (e.g. buffer solution plus first reactant) are inside an evacuated
container surrounded by an adiabatic shielding and kept at the same constant
temperature. Subsequent injections of the second reactant (titrant) will cause
a change in the power needed for each heater to keep the two cells at the
same temperature. Exothermic reactions decrease the needed power, whereas
endothermic lead to an increase. [93, 94]

The ITC measurements were done by Anna Dreyer using a MicroCal VP-
ITC system equipped with a MicroCal ThermoVac from Malvern Instruments
GmbH.
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4.8. Liquid Scintillation Counting

Radioactive decay provides ionizing radiation, which can be absorbed by a
fluorophore. The subsequent emission of photons due to the excitation is called
scintillation. [95] A photomultiplier tube converts the emitted photons into an
electrical output signal. Tritium or hydrogen-3 (3H), carbon-14 (14C) and
phosphorous-32 (32P) are low energy beta emitters. If these are used as tracer
species, the scintillation counting must take place in the liquid phase due to the
limited penetration power of the radiation to ensure spatial proximity between
the radioactive material and the fluorophore. [96]
Anna Dreyer handled the radioisotopes from Hartmann Analytic GmbH and

acquired the time-dependent tracer counts by utilizing a 1900 CA Tri-Carb
liquid scintillation (Packard Instrument Company Incorporated) with the LSC
universal scintillation cocktail Rotiszint R© eco plus from Carl Roth GmbH &
Co. KG.

4.9. Nuclear Magnetic Resonance Spectroscopy (NMR)

An atom has a certain nuclear spin, which causes the splitting of its energy
states into distinguishable levels when an external magnet field is applied. [97]
Transitions between the energy levels are induced by using radio waves with the
right frequency. [98] The so-called Larmor frequency depends on the nucleus,
the applied external magnetic field, the chemical environment, and spin-spin-
couplings. The energy absorption is detected and generates a characteristic
NMR signal. The evaluation of those resonance signals allows to resolve the
chemical structure of the sample. [99] Thus, nuclear magnetic resonance spec-
troscopy is powerful and crucial technique in chemistry. [98]
The NMR experiments were performed at the Max Planck Institute for Poly-

mer Research in Mainz on behalf of Nicole Wutke.

20



4.10. Optical Microscopy

4.10. Optical Microscopy

In an optical microscope the concept of geometrical optics is used to gain an
enlarged view of the specimen. [100] In the present thesis, the specimens were
measured in reflection. Operating in the bright field mode, the reflection of
light by the sample causes the contrast. When using the dark field illumi-
nation, only light which is diffracted by the specimen can be seen and thus
providing the information. [100, 101] The interference of two beams polarized
perpendicular to each other is employed for the Nomarski interference contrast
where in principle the comparison of the two displaced images leads to the gen-
eration of the final image. The right alignment of the used analyzer facilitates
colored images by the extinction of certain wavelengths. The technique is also
known as differential interference contrast (DIC). [100–102]

An Olympus BX51 system equipped with the components BX51TRF, TH4-
200, U-DICR, U-AN360-3, U-25LBD, U-PO3, U-TV1X-2, C5060-ADU, and
with an Olympus C-5060 camera has been used to obtain the images via the
software Olympus DP-Soft 5.0.

4.11. Reflection-Absorption Infrared Spectroscopy
(RAIRS)

The absorption of infrared radiation by the specimen is the fundamental pro-
cess of this spectroscopy method. This occurs when the frequencies of the
structural-dependent vibration of the sample and the infrared radiation oscil-
late in resonance. However, a vibration can only be seen if a change in the
dipole moment occurs. [103, 104]

In RAIRS a metallic surface, which reflects the absorbed infrared irradia-
tion, is used, leading to an increased amplitude at high incidence angles, but
suffering from a lack of detection of vibrations which dipole moments are not
perpendicular to the surface. [105] There is a small amount of sample material
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when an adsorbed monolayer on a metal surface is examined. To detect the
slight change in the infrared radiation, a sensitive detector like a mercury cad-
mium telluride detector (MCT) is necessary, where electrons are excited from
the valence into the conduction band due to the photoelectric effect and thus
providing an electrical output signal. [105, 106] Fourier transformation (FT)
can be used to record the full range of the infrared absorption in a short time
or to gain a better signal-to-noise ratio (multiplex advantage) compared to a
dispersive spectrometer. [107] For instance: inside a Michelson interferometer
the optical path difference of the broad-band infrared radiation is altered by
splitting the light into two beams. One is heading towards an immovable mir-
ror and the other one towards a non-stationary mirror. Interference between
the two rays occurs when they recombine. In the space domain, the resulting
interferogram shows the signal intensity as a function of the optical path dif-
ference (distance). By applying a FT, the interferogram is converted into the
wavenumber domain generating the complete spectrum with the signal inten-
sity as a function of the frequency. [107, 108] A photoelastic modulator (PEM)
[109] splits the linear polarized radiation into two linear polarized waves and
introduces a time-dependent phase shift, which allows the distinction of the
specimen’s vibrations from the surroundings. [110] When using those compo-
nents the full name of the technique expands to Fourier transform polarization-
modulated reflection-absorption infrared spectroscopy (FT-PM-RAIRS). The
working principle is briefly described in the subsequent paragraph.
A FT-PM-RAIRS works like the following: Leaving the interferometer, the

infrared radiation is first linearly polarized. Afterwards the PEM modulates
the phase shift of the radiation between ∆λ = ±λ/2. At certain times this
leads to purely parallel (p-polarized) or perpendicular polarized (s-polarized)
waves with respect to the plane of incidence. A lock-in amplifier couples the
detector with the PEM, resulting in a signal detection only when pure p- or
s-polarized radiation occurs. The polarized light is reflected twice: at the
surroundings-adsorbate and at the adsorbate-metal interface (figure 4.2). The
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purely s-polarized light will be canceled in the vicinity of the metal surface
due to a phase shift of 180◦ and thus only provides information about the
surroundings. The p-polarized light on the other hand carries information
from the adsorbate and the surroundings. By subtracting the data of the p-
polarized and the s-polarized light, the pure information from the adsorbate
are accessible, which means that the reference and the sample spectrum are
taken simultaneously from the same area. [109–113]

Figure 4.2.: RAIRS reflection processes: Alternating s- and p-polarized IR radiation is re-
flected at the surroundings-adsorbate and at the adsorbate-metal interface.
Only the p-polarized light provides information from the surroundings and the
adsorbate, whereas the s-polarized radiation exclusively carries the information
from the surroundings. Modified according to Greenler [111].

A FT-PM-RAIRS system composed of a Vertex70 and a PMA50 module
from Bruker equipped with a RocksolidTM interferometer and a MCT detector
(limit of sensitivity 700 cm−1), a DSP lock-in amplifier (model SR830, Stanford
Research Systems, SRS), and a PEM-90TM photoelastic modulator from Hinds
Instruments has been used. Processing was done with the optics user software
OPUS 5.5 [114]. The peak assignment based on the references [103, 115–119].

4.12. Scanning Electron Microscopy (SEM)

Electrons are utilized in a scanning electron microscope as the information
carrier. A focused electron beam (primary electrons, PE) scans over the sample,
which leads to the emission of secondary electrons (SE). These are detected
and used for the the generation of an image. Insulating samples can hardly be
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imaged because of charging effects. For instance, an induced negative charge
cannot be compensated. [120]
A Helios Nanolab 600 scanning electron microscope (Field Electron and Ion

Company, FEI) was employed by Björn Büker.

4.13. Transmission Electron Microscopy (TEM)

The transmission electron microscope utilizes electrons for the generation of an
image. An electron beam is focused on a thin sample (typically 5-500 nm when
using 100 keV electrons) and the transmitted electrons are detected. The con-
trast is generated by the interaction of the electrons with the specimen. [121]
Therefore it can become quite challenging to image inhomogeneous samples
with a thickness of around one nanometer.
A JEM-2200 FS transmission electron microscope from Japan Electron Op-

tics Laboratory (Jeol) was operated by Inga Ennen. The image processing in
terms of contrast enhancement and resolution optimization was done by the
subsequent use of DigitalMicrograph R© 3.X [122] and GIMP 2.10.14 [123]. The
pores were highlighted and evaluated with Gwyddion 2.55 [71]. The determi-
nation of the effective sample area was done by using ImageJ 1.52a [77].

4.14. Ultraviolet-Visible Spectroscopy (UV-Vis)

According to some definitions, the wavelength of ultraviolet-visible light ranges
from 200 nm to 800 nm. The absorption of radiation in this spectral range
causes electronic transitions in the specimen. Valence electrons get excited and
change from a bonding into an antibonding molecular orbital (e.g. π −→ π∗).
In a dual beam UV-Vis spectrophotometer the light is split into two individual
beams. One beam passes through the reference and the other through the
sample cell. Due to the different absorption of the radiation, the concentration
of the analyt can be calculated by using the Beer-Lambert law. [124, 125]
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Anna Dreyer performed the UV-Vis measurements with an UV-2401 PC
spectrophotometer from the Shimadzu Corporation.

4.15. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a powerful tool for identifying the chem-
ical composition and the thickness of a thin film material on a surface. It
provides information about the binding energy and the chemical environment
of the involved atoms. This is why the technique has been also called electron
spectroscopy for chemical analysis (ESCA). [126–129]

The basic working principle of a X-ray photoelectron spectrometer is the
photoelectric effect [130, 131]. X-ray photons excite core electrons of an atom,
which are subsequently ejected if the transferred energy is high enough to
overcome its binding energy and the work function of the spectrometer. When
the resulting hole is filled by an energetically higher electron, the excess energy
can be emitted as a X-ray photon or transferred to a third electron (Auger
electron), which will be extruded (figure 4.3). [126, 132]

Figure 4.3.: Interaction of a X-ray photon with matter: A core electron is ejected (blue,
XPS) after the absorption process and the resulting electron hole is filled by
an energetically higher one. The excess energy can either be emitted (red) or
radiation-free transmitted to a third electron, which leaves the system (green,
Auger electron).
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The kinetic energy of the released electron is measured and the counted
electrons are displayed as a function of their corresponding binding energy.
For a conductive sample, which is in electrical contact with the spectrometer,
equation (4.4) [127] can be applied.

EK = hν − EFB − φsp (4.4)

The kinetic energy of the electron is represented by EK . The energy of
the X-ray photon is hν. The electron’s binding energy related to the Fermi
level and the work function of the spectrometer are EFB and φsp, respectively.
The latter parameter is device-dependent and needs to be determined for each
spectrometer individually.
Due to spin-orbit (j-j) coupling core electrons with an orbital angular mo-

mentum quantum number greater than zero (l > 0) show doublets in the XP
spectrum. According to j = |l± s|, the spin angular momentum with its corre-
sponding quantum number s combines with l to the total angular momentum
quantum number j. With known j the intensity ratios between the two doublet
peaks can be calculated as (2j + 1). The notation of the core level signals fol-
lows the general nomenclature nlj with n representing the principle quantum
number. [127]
From the characteristic binding energy of the detected electron the element

as well as it’s chemical state can be concluded. Different oxidation states are
distinguishable and chemically non-equivalent positions of the same element in
one molecule can lead to multiple peaks in the XP spectra. Consequently, an
identification of functional groups is possible. [129, 133] Lindgren [134] his-
torically reviews the chemical shifts in X-ray and photo-electron spectroscopy.
Taucher et al. [135] point out that also electrostatic effects shift the core-level
binding energy and must therefore be taken into account when interpreting
those displacements.
The surface sensitivity of this method is based on the inelastic mean free
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path (IMFP, λIMFP) of the ejected core electrons. The IMFP describes the
average distance between inelastic scattering events of an electron with a given
kinetic energy inside a specific material. After a distance equal to the IMFP,
the remaining number of non-scattered electrons is 1/e of the initial number
of the ejected core electrons, which means that the longer the distance to
the material-vacuum interface, the less is their probability to escape into the
vacuum and to contribute to the detected signal. [128] The IMFP’s electron
energy dependence follows an universal curve and has values of λIMFP < 5 nm
in the typically used energy range for X-ray photoelectron spectroscopy. [136–
140]

To determine the thickness d of a thin film material the attenuation of a
reference signal can be used and compared to the corresponding signal of a
known reference sample. Following equation (4.5) [43, 128] the intensities of
the reference signal of the thin film sample, Ifilm, and the reference, I0, the
inelastic mean free path of the electrons through the thin film material and the
tilt angle θ need to be known.

Ifilm = I0 exp[−d/(λIMFP cos θ)] (4.5)

A multiprobe X-ray photoelectron spectrometer system from Omicron Nan-
otechnology equipped with a monochromatic aluminum Kα X-ray source (XM
100 MkII, 1486.7 eV, max. 255 W), a hemispherical electron analyzer (EAC
2000 Sphera) and an electron gun (SL 1000) has been used. The tilt an-
gle of the analyzer was θ = 13◦. The Au4f7/2 peak at a binding energy of
EFB = 84 eV was employed as a reference signal for the thickness determina-
tion. For oligophenylthiols the inelastic mean free path was estimated to be
λIMFP = 32 Å [43] and for alkanethiols to be λIMFP = 42 Å [141]. The XP
spectra were processed with the software CasaXPS 2.3.22PR1.0 [142]. The
peak assignment based on the references [7, 34, 36, 48, 119, 143–153]
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5. Functionalization of Carbon
Nanomembranes

This tripartite chapter focuses on the functionalization of carbon nanomem-
branes with a special emphasis on protein immobilization and explores the
applicability of the presented approaches. First, an introduction to the current
state of the research and the motivation of the investigations performed in the
present thesis are given. Subsequently, the achieved results are presented and
discussed in the context of the preliminary works and the stated objectives. A
summary with prospects for further work is given at the end of the chapter.

5.1. Current State of Research

Carbon nanomembranes serve as a template for further chemical reactions due
to their available functional groups. Typically amino (-NH2) or thiol groups
(-SH) can be employed for the further processing. Amin et al. [154] produced
patterned CNMs with two different precursor molecules among which only one
exhibits an active amino group (cABT). The other molecule (cBT) only consists
of carbon at the surface, which is not favored during the functionalization step.
Vinyl monomers grow to polymer carpets on the complete nanomembrane by
self-initiated surface photopolymerization and photografting (SIPGP) with a
strong preference for the cABT areas. In figure 5.1a the fabrication and the 3D
representations of the resulting polymer carpets are shown. The corresponding
AFM scans and height profiles are displayed in figure 5.1b. The line profiles
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nicely reveal the altering sequence of the cBT and cABT areas indicating that
the height of the polymer carpet is about 11 nm.
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Figure 5.1.: (a) Polymer carpet fabrication on patterned CNMs by self-initiated surface pho-
topolymerization and photografting (SIPGP). (b) Corresponding AFM scans
and height profiles of the resulting polymer carpets. The strong preference for
the reaction at the amino-terminated areas (cABT) is obvious. Reprinted and
adapted with permission from Amin et al. [154]. Copyright 2011 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

The former example used a radical-driven process for the functionalization,
which generally demonstrated the possibility for further selective chemical re-
actions. Depending on the application, the immobilization of proteins requires
a certain functionalization strategy of the carbon nanomembrane. In a first
attempt Rhinow et al. [22] immersed a CNM made of cBT into a buffer solu-
tion of purple membrane (PM) extracted from Halobacterium salinarum. PM
contains the protein bacteriorhodopsin (bR), which acts as a proton pump. It
was shown that the carbon nanomembrane could immobilize patches of PM
through unspecific interactions. Structural analyses by cryo-TEM and AFM
were successfully performed, demonstrating that CNMs preserve the structural
integrity of the specimen. Thus, when using the aforementioned techniques,
carbon nanomembranes are promising supports for comparing different biolog-
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ical samples without altering their respective appearance.
Biebricher et al. [155] explored the possibility of specific irreversible protein

binding strategies and investigated the issue of quenching due to the metallic
surface when doing fluorescence measurements. In this study 4’-nitro-1,1’-
biphenyl-4-thiol (NBPT) was used for the SAM preparation. The exposed
regions of a partially shielded SAM result after cross-linking in an amino-
terminated CNM, which was used as a starting point for further functionaliza-
tion. Unirradiated areas were exchanged by poly (ethylene glycol) to suppress
unspecific protein attachment. Two different main approaches were tested.
First, streptavidin was bonded to the -NH2 moiety of the carbon nanomem-
brane by using glutaraldehyde. The examination of the fluorescent signal em-
ploying a fluorescently-labeled counterpart revealed that quenching from the
metallic gold surface still occurred. The subsequent addition of more lay-
ers to the previous one by employing glutaraldehyde-mediated cross-linking
of the lysine residues of streptavidin or antibody layers could only enhance
the signal-to-background (S/B) ratio to ∼ 4. This method was not satisfying
due to the utilization of a large amount of proteins. The second strategy used
tetraethylenepentamine (TEPA) as a molecular spacer unit after the activation
of the amino groups through p-nitrophenylchloroformiate (NPCF). Because
TEPA also exhibits a terminal amino group the increase of the distance to the
metallic surface could be done by the same building block. In a final step the
desired protein could be attached by the usage of glutaraldehyde. With this
S/B-ratios of >20 could be achieved while simultaneously a comparable low
amount of protein is needed.

An effective and reversible immobilization method for proteins was presented
by Turchanin et al. [36]. Again, a partially shielded NBPT SAM was employed.
The surface-active amino groups undergo a condensation reaction with tert-
butyl protected tris-N -nitrilotriaceticacid (NTA). The deprotection of its acid
moieties and the subsitution of unirradiated areas by (triethylene glycol) (EG3)
units were conducted. In figure 5.2a the spectroscopic evidence for the different
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molecules are provided. Particular scans of the sulfur, carbon, nitrogen and
oxygen regions were performed. However, the XP spectra will not be discussed
in detail at this point, although the significant carbon and nitrogen signals
are briefly described. The C1s signals of the SAM and CNM stage do not
significantly differ from each other with the exception of the broadening due
to the irradiation. The signals of EG3 and tris-NTA-EG3 are dominated by
the ones of alkyl groups, especially proving the presence of carboxyl groups at
∼ 289.2 eV.
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Figure 5.2.: (a) XP spectra of the different molecular structures involved in the function-
alization procedure identifying their characteristic signals. (b) AFM scans and
height profiles of a patterned NBPT CNM treated with EG3 and functionalized
with tris-NTA. The reversibility of the proteasome’s binding can be clearly seen.
Reprinted and adapted with permission from Turchanin et al. [36]. Copyright
2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

The N1s signal for the SAM is located at∼ 405 eV, indicating the nitro group.
After irradiation the signal shifts to ∼ 399 eV, which is characteristic for amino
groups. The signal of tris-NTA-EG3 exhibits a comparable higher intensity and
has a binding energy of ∼ 400.5 eV, showing the presence of nitrogen atoms in a
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different chemical environment, which is in agreement to its chemical structure.
Additionally the deprotection of the NTA units was checked by the addition
of nickel(II) ions. The reported XP spectra confirmed chelated nickel inside
of the NTA moieties. In figure 5.2b AFM scans and the corresponding height
profiles of a functionalized CNM are displayed. It can be clearly seen that the
patterned areas are higher due to the surface functionalization. The addition
of nickel(II) ions and the his-tagged proteasome leads to a sharp increase only
where the chelating NTA groups are located. Thus, the octahedral complex
between the NTA units and the protein’s his-tag was formed. The reversibility
was proven by the subsequent washing with imidazole, which competes with
the his-tag of the proteasome for the binding site and replaces it with time.
The line scans indicate that the height returned to a comparable level as before
the protein binding.

Turchanin et al. [36] proved that the tris-NTA groups are an effective way
to immobilize proteins reversibly on a carbon nanomembrane. Kankate et al.
[38] adapted the general idea and developed a slightly different functionaliza-
tion strategy. The utilized molecular structure is given in figure 5.3b. In this
approach the tris-NTA molecule has a longer alkyl spacer ending in a terminal
-SH group. This was probably done to increase the distance to the metallic
support and thus to avoid quenching during fluorescence measurements accord-
ing to the results of Biebricher et al. [155]. Employing 3-(maleimido)propionic
acid N -hydroxysuccinimide ester as a mediator, the CNM firstly conducts an
ammonolysis, whereas later a stable thioether bond between the NTA’s thiol
group and the mediator is formed. The specimen was loaded with NiSO4 and
subsequently exposed to a fluorescently-labeled and his-tagged protein. In this
study a maltose binding protein with a decahistidine tag and Oregon Green
488 as a fluorescence marker (MBPH10-OG488) was utilized. The result of the
conducted fluorescence analysis is shown in figure 5.3a. The patterned signal
originates on a large scale only from the areas which were treated with the
described procedure.
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a b

Figure 5.3.: (a) Large scale fluorescent image of a patterned and functionalized carbon
nanomembrane showing the possibility to bind proteins specifically to the CNM.
The schematic structure is given in (b). (b) Detailed scheme of the resulting
molecular structure after the functionalization process. The maltose binding
protein with a decahistidine tag and Oregon Green 488 as a fluorescence marker
is labeled as MBPH10-OG488. Reprinted and adapted with permission from
Kankate et al. [38]. Copyright 2017 American Chemical Society.

Recently a patent [119] which deals with the functionalization of surfaces and
employs among other things the usage of the selective and fast copper-free click
chemistry was registered by CNM Technologies GmbH and Aptarion Biotech.
The previous examples showed that in principle the functionalization of a

supported carbon nanomembrane is possible. The immobilization of proteins
can be done with irreversible or reversible methods and the variation of the
distance to the support plays an important role when dealing with fluores-
cent agents. Zheng et al. [34] moved on to free-standing CNMs and demon-
strated that the two sides of a NBPT carbon nanomembrane can be func-
tionalized differently. After cross-linking, the transferred CNM exhibits on
the upper side amino and on the lower side thiol groups. The amino groups
were treated with tetramethylrhodamine (TMR) isothiocyanate, leading to a
thiourea moiety. The thiol groups reacted with ATTO647N maleimide, result-
ing in a stable thioether bond of the ATTO unit. Both TMR and ATTO647N
are commonly used fluorescent dyes and were utilized as a control agent. In
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figure 5.4a/b the respective fluorescence micrographs of the free-standing car-
bon nanomembrane are shown, proving the successful side-dependent funtion-
alization. Consequently, the subsequent treatment of both sides results in a
free-standing Janus membrane, which was verified by Förster resonance energy
transfer (FRET) displayed in figure 5.4c.

60 µm

TMR fluorescene ATTO647N fluorescene
fluorescene resonance
energy transfer (FRET)

a b c

Figure 5.4.: (a)/(b) Fluorescence micrographs of free-standing, one-sidedly functionalized
CNMs suspended over TEM grids. As dyes tetramethylrhodamine (TMR,
green) isothiocyanate and ATTO647N (red) maleimide were used. (c) Förster
resonance energy transfer (FRET) micrograph of the Janus system. Reprinted
and adapted with permission from Zheng et al. [34]. Copyright 2010 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

The aim of the investigations presented in this chapter is to immobilize pro-
teins on both sides of the free-standing carbon nanomembrane based on its
Janus behavior. The type of immobilization can either be irreversible or re-
versible, whereas the latter one is more favorable. As a proof-of-concept trans-
membrane FRET measurements between the proteins should verify the suc-
cessful coupling. Single-sided functionalization can be tested using fluorescent
microscopy. For FRET measurements the distance should be as short as pos-
sible, whereas for the single-sided measurements a certain distance is needed
due to quenching effects. Considering both the objectives and the previously
mentioned investigations, a functionalization strategy which balances on the
one hand the distance between the dye and the metallic support and on the
other hand between the spatially divided fluorophores needs to be developed.
The successful realization would make carbon nanomembranes an attractive
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model system for the investigation of biological membrane processes.

5.2. Protein Coupling to Carbon Nanomembranes

The following results were obtained in cooperation with Anna Dreyer from
Plant Biochemistry and Physiology of the Faculty of Biology of Bielefeld Uni-
versity. The cloning, the heterologous expression and the application of the
proteins were done by her.

5.2.1. Complex Formation with L-Lysine-NTA

In the course of obtaining a bilaterally functionalized carbon nanomembrane,
the first step is the successful binding of a protein to one side. The strat-
egy presented by Kankate et al. [38] was chosen for this purpose. Unfortu-
nately, the tridentate tris-N -nitrilotriaceticacid ligand had to be replaced by
N -[Nα,Nα-Bis(carboxymethyl)-L-lysine]-12-mercaptododecanamide (L-lysine-
NTA) as the former one was not available anymore. The difference between
these two molecules is simply the number of chelating agents, which is re-
duced to one instead of three. However, the linking to the CNM through
3-(maleimido)propionic acid N -hydroxysuccinimide ester (MI) and the ability
to form a complex with his-tagged proteins remain unaffected.
A detailed description of the sample preparation is given in appendix B. The

different steps are visualized in figure 5.5a. NBPT was used as a precursor
molecule for the self-assembly process on a gold substrate. The resulting SAM
exhibited a terminal nitro group (a). The SAM was converted into a carbon
nanomembrane with amino groups located at the surface (b) through the irra-
diation with low-energy electrons. During the first functionalization step with
MI the ester has been cleaved and a peptide bond between the CNM and MI
was formed (c). The resulting maleimide moiety specifically reacted with the
thiol group of the NTA molecule, leading to the final molecular structure (d).
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5.2. Protein Coupling to Carbon Nanomembranes

RAIRS and XPS measurements have been conducted to verify each step
of the functionalization. Taking a look at the infrared spectrum of the SAM
(a) in figure 5.5b both stretching vibrations of the nitro group - the symmetric
(ν̃ ∼ 1348 cm−1) and asymmetric (ν̃ ∼ 1528 cm−1) - can be cleary seen proving
the presence of the self-assembled monolayer. After the irradiation these bands
vanish, indicating the transformation of the groups into amino moieties.
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Figure 5.5.: (a) Schematic illustration of the functionalization route starting from an aro-
matic, nitro-terminated SAM and employing MI as well as L-lysine-NTA. (b)
Corresponding RAIRS spectra of the different stages as shown in the reaction
scheme. The arrows mark the positions of the characteristic vibrations, which
are explained in the text.

The spectra of (b) and (c) exhibit no bands which are characteristic for the
-NH2, the peptide bond or the maleimide group. Nevertheless, their existence
cannot be excluded because their dipole moment needs to be aligned with the
electric field vector of the incoming polarized light to be detected by the RAIRS
measurement. After the reaction step with NTA, the symmetric stretching
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5. Functionalization of Carbon Nanomembranes

vibration of the deprotonated carboxylic groups (ν̃ ∼ 1416 cm−1) is observed.
A broad signal in the range of ν̃ ∼ 1580 cm−1 to 1680 cm−1 is detected,
which probably originates from an accumulation of the asymmetric stretching
vibration of the carboxylates and the signals of the amide moieties. These
vibrations indicate the successful functionalization and allow the conclusion to
be drawn that the previous steps (b) and (c) have been present.
In figure 5.6 the XP spectra for the different stages of the functionalization

are shown. Starting with the nitro-terminated SAM in (a), peaks for the -NO2

functional group can be seen in the N1s and O1s spectra at binding energies
of ∼ 406 eV and ∼ 532.5 eV respectively. The C1s signal is a superposition
of two peaks, namely the one for the aromatic backbone at ∼ 284.4 eV and
second one representing the -C-S and -C-N bonds at ∼ 285.7 eV. The latter
one causes the signal to be slightly asymmetric towards higher binding ener-
gies. In the S2p scan the first peak of a doublet with an energy separation
of ∆E = 1.2 eV is located at ∼ 162.2 eV, indicating the presence of sulfur
gold bonds. After the irradiation changes in the XP spectra can be seen. The
resulting carbon nanomembrane (b) exhibits in the N1s scan a peak at ∼ 399.5
eV, which is characteristic for -NH2 groups. The former signal for the nitro
moieties is absent, proving the complete conversion of the functional groups.
The sulfur peak broadens to higher binding energies due to the presence of a
second doublet representing new sulfur species. As known from the literature,
the species can either be unbonded thiols, sulfides or disulfides. The intensity
of the oxygen signal decreases but does not disappear completely. In combina-
tion with the increase in intensity of the C1s peak it leads to the hypothesis
that material was deposited onto the CNM during the irradiation process. The
XP spectra after the functionalization step with MI are displayed in (c). The
carbon and oxygen signal gain intensity, whereas the scans of N1s and S2p show
no significant change to the prior step. Due to the structure of the maleimide
group a second signal for the -C=O groups at higher binding energies in the
C1s spectrum was expected.
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Figure 5.6.: XP spectra in the regions of oxygen, nitrogen, carbon and sulfur of each func-
tionalization step starting from a NBPT SAM (a). After the exposure to elec-
trons the resulting CNM (b) was further treated with MI (c) and NTA (d).
Selected fits are shown for the SAM.

Nevertheless, the increase of intensity is at least a hint for the coupling of the
MI to the carbon nanomembrane. The scans of the specimen after the second
functionalization step with NTA are shown in (d). The C1s peak is shifted
to higher binding energies and a second peak at ∼ 288.8 eV can be detected.
The shift can be explained by the existence of aliphatic carbon and the second
peak is characteristic for oxidized carbon in the chemical state -O-C=O. Both
observations are in accordance with the chemical structure of the NTA moiety.
Further evidence is given by the rise in the intensity of the O1s peak, which
can be attributed to the incorporation of seven oxygen atoms per bonded NTA
unit. The intensified nitrogen peak was shifted to a binding energy of ∼ 400.3
eV. This originates from the added nitrogen atoms in the different chemical
environment of the NTA group. As expected, the S2p spectrum does not
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5. Functionalization of Carbon Nanomembranes

differ from the previous stage. Consequently, the realization of the different
stages of the functionalization appears to be plausible. In combination with
the conducted RAIRS measurements the successful bonding of the NTA moiety
to the CNM according to figure 5.5a can be assumed.
To test the functionalization of the carbon nanomembrane, fluorescence mea-

surements were performed. For this purpose the his-tagged cyan fluorescent
protein mTurquoise2 was used. The incubation of the protein was done after
loading the CNM with nickel(II) ions. The specimen was washed with buffer
solution and subsequently imaged in the CLSM. To release the mTurquoise2
again from the octahedral complex, elution of the sample with imidazole was
done. Rebinding of the protein following the same procedure should verify the
reversibility of the coupling. In figure 5.7 the series of fluorescent images are
displayed.

20 µm

elution using imidazole

20 µm 20 µm

rebinding of mTurquoise2

CNM plus
mTurquoise2

Figure 5.7.: Fluorescence images of a NTA-functionalized CNM. From left to right: Carbon
nanomembrane loaded with mTurquoise2, the same sample after the elution of
the protein trough imidazole and rebinding of the mTurquoise2.

It can be clearly seen that the binding of the protein was successful. In
contrast to the black background the complete sample exhibits a fluorescent
signal. It was expected that after the treatment with imidazole, which competes
with the his-tagged protein for the binding site, no signal should be detectable
anymore. The corresponding image reveals nevertheless some bright areas.
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5.2. Protein Coupling to Carbon Nanomembranes

Consequently, the his-tagged mTurquoise2 was not removed completely, which
could be improved by more extensive washing. The successful reattachment of
the protein was demonstrated in the right panel of figure 5.7.

In principle the coupling of his-tagged proteins using the presented method
could be achieved. Several attempts were made to reproduce these results or
even to obtain comparable measurements. However, none of them succeeded
and the reasons for this are still unknown. Under the aspect of developing
a reliable functionalization strategy, experiments utilizing this approach were
ceased and different ways were explored.

5.2.2. Reversible Protein Immobilization

To enable a faster screening for an appropriate functionalization route, self-
assembled monolayers and carbon nanomembranes on an aluminized polyethy-
lene terephthalate (PET) support were provided by CNM Technologies GmbH.
The utilized precursor molecule also exhibits a terminal nitro group, which con-
verts into an amino moiety after the cross-linking process. It was found that
harsher reaction conditions are needed to successfully functionalize the CNM
employing a reactive acyl chloride and a selective copper-free click chemistry
[119]. The fabrication of the samples is described in detail in appendix B.

In figure 5.8a the subsequent stages of the reaction are displayed. The lone
electron pair of the CNM’s functional amino group (a) attacks the partially
positively charged carbon atom of the linker molecule 2-azidoacetyl chloride (2-
AAC) according to the mechanism of a nucleophilic acyl substitution. The elim-
ination of the chloride anion follows and the removal of one proton bonded to
the nitrogen leads to the formation of a stable peptide bond (b). The attached
azide moiety easily reacts with the alkine of the sulfo-dibenzylcyclooctyne-
biotin conjugate (SDBCOB) through a 1,3-dipolar cycloaddition forming a
1,2,3-triazole and coupling a biotin moiety to the carbon nanomembrane (c). It
is known that biotin specifically interacts with certain proteins such as strepta-
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vidin due to its high affinity for them. The non-covalent interaction between the
two components can be released by the intensive washing with d-desthiobiotin,
which competes with biotin for the binding pocket of streptavidin. In this
way a reversible immobilization of proteins exhibiting streptavidin should be
achievable. Each step of the functionalization was checked by RAIRS and XPS
measurements.
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Figure 5.8.: (a) Schematic illustration of the attachment of a biotin moiety to CNMs using a
copper-free click reaction employing 2-AAC and SDBCOB. (b) Corresponding
RAIRS measurements of the different steps of the functionalization.

In figure 5.8b the relevant ranges of the infrared measurements are shown.
The CNM (a) has no significant signals and displays only background noise
within these limits. After the first reaction with 2-AAC the asymmetric stretch-
ing vibration of the azide moiety (b) is located at ν̃ ∼ 2110 cm−1. No signals
for the secondary amide could be observed, which can be explained by the
wrong alignment of its dipole with respect to the RAIRS measurement princi-
ple. The reaction with SDBCOB should cause the azide’s asymmetric stretch-
ing vibration to disappear because it transforms into a 1,2,3-triazole. Conse-
quently, the RAIRS spectrum (c) displays only background noise within this
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range. The five-membered cyclic ureide, -NH-C(O)-NH-, of the biotin moiety
at ν̃ ∼ 1724 cm−1 is clearly distinguishable and the secondary amides give rise
to “amide I band” vibrations around ν̃ ∼ 1665 cm−1.
Based on the previously presented RAIRS data a successful functionalization

was very likely. The examination of the different steps using XPS measurements
should furthermore verify this hypothesis. The XP spectra are displayed in
figure 5.9 and explained in the following paragraph. Taking a look at the oxygen
peak reveals no pronounced difference between the three reaction stages and
it is noticeable that the O1s peak dominates all XP spectra. An explanation
for this is the abundance of oxygen on the aluminized PET support in form of
aluminum oxide. Hence, the contribution of the added oxygen atoms due to
the functionalization is of no consequence.
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Figure 5.9.: XP spectra in the regions of oxygen, nitrogen, carbon and sulfur of each func-
tionalization step starting from an amino-terminated CNM (a), which was fur-
ther treated with 2-AAC (b) and SDBCOB (c).

The nitrogen peaks change from (a) to (c) and indicate the presence of dif-
ferent nitrogen species. The carbon nanomembrane (a) exhibits a N1s peak at
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∼ 400.1 eV, which is typical for functional amino groups. After the reaction
with 2-AAC the main peak’s intensity slightly increases and shifts to higher
binding energies. The enhancement of the N1s peak originates from the addi-
tion of nitrogen atoms to the molecule. The shifting can be explained by the
different chemical environment of the amide and the outer nitrogen atoms of
the functional azide group. Additionally, a second peak at ∼ 405.2 eV appears,
which can be attributed to the inner nitrogen atom of the azide moiety. The
main signal rises further after the functionalization step with SDBCOB (c)
and the energetically higher N1s peak of the functional azide group vanished.
The observations are in accordance with the chemical structure, which further
introduces five nitrogen atoms and binds the azide’s nitrogen atoms in an 1,2,3-
triazole moiety. The resulting nitrogen peak is a superposition of peaks arising
from all the nitrogen atoms. The carbon peaks of the three reaction steps do
not differ significantly from each other. They exhibit an asymmetric peak shape
and are all broadened towards higher binding energies. Contrary to the expec-
tations, the intensity does not increase from (a) to (c). Assuming a relatively
low coupling yield and the effect of self-attenuation, the relative change in the
carbon intensity would not be visible in contrast to the relative enhancement of
the N1s peak. Nevertheless a slight shift of the C1s peak to higher binding en-
ergies and a more pronounced formation of a shoulder around 288.5 eV after the
functionalization with SDBOCB could be posited, attributing the shift to the
aliphatic hydrocarbons and the shoulder to the -C=O groups in the molecule.
For the last step of the functionalization approach (c) a detailed scan of the
sulfur S2s region was conducted because only the SDBCOB molecule contains
a sulfonic acid and a thioether moiety. The respective XP spectrum reveals a
weak peak at ∼ 231 eV supporting the presence of these functional groups. The
presented XPS data, especially the N1s spectra, strengthened the assumption
of a successful coupling to the carbon nanomembrane.
To verify the applicability of the functionalization strategy fluorescence mea-

surements using streptavadin-Cy3 as a fluorophore were performed. The pro-
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cedure is schematically shown in figure 5.10a. A SAM was patterned by using
a brass mask during the electron irradiation, leading to a 3x3 array of circular
areas, which were subsequently functionalized. Only these regions exhibit a
CNM and should be capable of binding the streptavidin through the interac-
tion with the biotin moiety. The rest of the sample remains a self-assembled
monolayer and should not take part. The specimen was incubated with the
streptavadin-Cy3 and an image was taken. The sample was imaged a second
time after the extensive washing with d-desthiobiotin, which should replace the
biotin moiety causing the elution of the fluorophore.

100 µm

CNMSAM

washing with

d-desthiobiotin

streptavidin-Cy3

CNMSAM

a b c

100 µm

Figure 5.10.: (a)Schematic illustration of the patterned specimen and the experimental pro-
cedure. (b) Fluorescence image of the patterned CNM functionalized with
biotin moieties and treated with streptavidin-Cy3. (c) The same sample after
washing with d-desthiobiotin.

The results of the fluorescent measurements are presented in figure 5.10b/c.
The image of the loaded specimen is displayed in (b). Although the unirra-
diated areas and the underlying lines of the supporting layer also exhibit a
fluorescence signal, the pattern is still clearly visible. The functionalized re-
gions show a brighter signal indicating a higher coupling density. The reason
why all circles of the pattern have an area with a similar spatial orientation
where no fluorescence signal is detectable is still unknown. Furthermore, it
cannot be excluded that the mask contaminated the self-assembled monolayer,
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recognizable by the small particles on the specimen, which led to an unspe-
cific binding of the streptavidin-Cy3. To avoid this, non-contact lithographic
techniques could be used to generate a patterned CNM. After the treatment
with d-desthiobiotin (figure 5.10c) the overall fluorescence signal lost intensity
but did not disappear completely. Moreover, the unirradiated areas as well
as the lines and particles still show a fluorescence signal. It can only be con-
cluded that the conducted washing, and thus the replacement, was not effective
enough to release the fluorophore. Streptavidin contains four binding sites for
biotin. To detach the protein from the functionalized areas all of them need
to be replaced by d-desthiobiotin at the same time. Otherwise, the functional
biotin group competes with the eluant and will probably displace it again due
to its high affinity so that the fluorophore remains on the surface. In order
to obtain better results in future experiments the SAM should be replaced by
a protein-repelling matrix of poly (ethylene glycol) leading to a darker back-
ground. Additionally, different washing strategies should be tested to achieve
a better release of the streptavidin-Cy3.
The presented strategy of functionalizing a carbon nanomembrane with a

functional biotin group in order to achieve a reversible protein immobilization
through the interaction with streptavidin was verified by RAIRS and XPS
measurements. The taken fluorescence images suggest that the method works
in principle, but also revealed some points for improvement like, for instance,
the reduction of the background signal or the coupling density of the linker
molecules.

5.2.3. Irreversible Protein Immobilization

The superordinate aim is to develop a reliable immobilization strategy for pro-
teins on both sides of the carbon nanomembrane. In principle, the employment
of the copper-free click chemistry presented in the previous subsection seems
to be an effective and reliable way to functionalize carbon nanomembranes.
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It was shown that the immobilization through the interaction of biotin and
streptavidin succeeded. However, strepatavidin is not universally applicable as
a tag for the protein attachment due to its own complex molecular structure
with respect to its linkage to the protein itself. Leaving the reversibility of the
protein bonding aside, the key would be to simplify the protein’s tag, which
interacts with the CNM. The replacement of the relatively large and not univer-
sally attachable streptavidin tag by common cysteine moieties which interact
with functional maleimide groups would lead to a simplified irreversible protein
binding method. Hence, the CNM was functionalized according to figure 5.11a.

a b

(a) CNM

(b) (c)

+ 2AAC

+ DBCOM

CNM CNM

protein

native protein modified protein

protein

accessible

cysteine moieties

cloning

Figure 5.11.: (a) Schematic illustration of the attachment of a maleimide moiety to amino-
terminated CNMs using a copper-free click reaction employing 2-AAC and
DBCOM. (b) Reaction scheme between the maleimide-terminated CNM and
the cysteine moieties of the GFP’s derivatives (green fluorescent protein), as
well as the representation of the accessible cysteine moieties (red shaded areas)
of the utilizied proteins before and after cloning. The data of the protein’s
structures for generating the 3D models were taken from the protein data
bank RCSB PDB [156].

In a first step the amino-terminated CNM (a) provided by CNM Technolo-
gies was treated with 2-azidoacetyl chloride (2-AAC) to obtain an azide moiety
(b). The copper-free click chemistry was conducted with dibenzocyclooctyne-
maleimide (DBCOM), introducing the desired functional maleimide group (c).
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The fabrication of the specimen is described in detail in appendix B. The pro-
tein’s accessible cysteine moieties exhibit -SH groups, which undergo a specific
binding to the CNM’s maleimide groups, resulting in stable, irreversible and
covalent thioether bonds as displayed in figure 5.11b. Due to the bonding to the
surface the maleimide moiety loses some degrees of freedom, which results in
a diminished agility and a weaker reactivity. The utilized native proteins have
some cysteine residues, which are marked red in the 3D model figure 5.11b.
It is obvious that these are well embedded by other residues and therefore it
could be difficult for the functional maleimide groups to reach an appropriate
position to undergo a chemical reaction with those. As a consequence addi-
tional and easily accessible cysteine moieties were cloned to the native proteins
in order to enhance the probability of the reaction.
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Figure 5.12.: (a) ITC measurements for the buffered DBCOM and DBCOM injected into
mTurquoise2 in buffer solution containing 2-IAA or TCEP. (b) UV-VIS spec-
tra of the pure mTurquoise2 and the adduct between the protein and DBCOM.

The reaction between the functional maleimide group and the native pro-
tein mTurquoise2 in the bulk phase was tested and monitored by ITC (fig-
ure 5.12a) and UV-VIS (figure 5.12b) measurements in advance to ensure that
the formation of a stable thioether bond in principle occurs. For the ITC ex-
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aminations the buffered DBCOM was injected into the buffer solution (a), as
well as into buffered mTurquoise2 under reducing (b) and oxidizing conditions
(c). 2-Iodoacetamide (2-IAA) and tris(2-carboxyethyl)phosphine (TCEP) were
used as an oxidizing agent and reducing agent, respectively. The addition of
DBCOM to the buffer solution causes no change in the ITC graph, proving no
interaction of the DBCOM with the surrounding solution. 2-IAA forms a irre-
versible thioether bond with the protein and consequently inhibits a reaction
with DBCOM. The corresponding data show almost no energy release indicat-
ing no reaction as expected. TCEP retains the original cystein residues avoiding
the inactivation of the mTurquoise2 by the formation of disulfide bonds. The
respective curve exhibits a significant decrease in the energy needed to keep
the reaction compartment at the same temperature like the reference compart-
ment, revealing a exothermic reaction between the maleimide moiety and the
-SH groups.

The UV-VIS spectrum of mTurquoise2 was measured after the incubation
with DBCOM and compared to the spectrum obtained for the pure protein.
The corresponding UV-VIS spectrum in (b) exhibits an additional absorption
band at ∼ 307 nm, which is characteristic for the DBCO unit. [157, 158] Both
methods independently verified the formation of an protein-DBCOM adduct
through a thioether bond in the bulk phase. It was assumed that the modi-
fied protein should therefore show the same behavior with the surface-bonded
functional maleimide groups.
The functionalization of the carbon nanomembrane was examined by RAIRS

and XPS measurements as displayed in figure 5.13a and b, respectively. The
RAIRS spectrum shows a peak at ν̃ ∼ 2114 cm−1, clearly indicating the pres-
ence of the azide moiety after the addition of 2-AAC (b), which was neither
detectable on the amino-terminated CNM (a) nor on the with DBCOM further
functionalized carbon nanomembrane (c). These observations allow the conclu-
sion that the CNM exhibited an -N3 group after the first functionalization step,
which subsequently reacted with the DBCOM in a 1,3-dipolar cycloaddition,
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forming a 1,2,3-triazole causing the peak to disappear. The formed peptide
bond between the amino moiety of the CNM and the acyl chloride give rise
to the vibrations in (b) in the range of ν̃ ∼ 1610 cm−1 to ∼ 1675 cm−1. It is
noticeable that the spectrum of the pure amino-terminated CNM showed some
contaminations, which later on vanished or were overlaid by the vibrations of
the secondary amide. After the copper-free click reaction the introduced amide
moieties lead to an enhancement of the peaks in the respective region (c). How-
ever, the new peak at ν̃ ∼ 1713 cm−1 corresponds to the five-membered, cyclic
imide moiety, proving the existence of the functional maleimide group in the
final molecular structure.
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Figure 5.13.: (a) RAIRS measurement of the amino-terminated CNM (a) and the subse-
quent functionalization stages after the treatment with 2-AAC (b) and DB-
COM (c). (b) Corresponding XP spectra in the regions of oxygen, nitrogen
and carbon. The fits for estimating the coupling density of 2-AAC are shown.

The XP spectra given in figure 5.13b are dominated by the oxygen peak,
which originates from the aluminum oxide of the underlying aluminized PET
support, causing the functionalization to have no effect on the signal. The over-
all asymmetric shapes of the C1s peak of the different reaction stages (a) to (c)
do not differ much from each other. The broadening to higher binding energies
originates from oxidized carbon species and the main peak shows the presence
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of the carbon backbone. The reduced intensity after the treatment with 2-AAC
can be explained by the release of attached contaminations, which were already
visible in the RAIRS measurements. The constancy of the C1s spectra of (b)
and (c) can be clarified as follows. Having a relatively low coupling yield, as
known from subsection 5.2.2, and considering the self-attenuation of the carbon
signal, the relative change in the carbon intensity traced back to the addition
of carbon atoms would not be visible in contrast to the relative enhancement of
the N1s peak. The nitrogen spectrum of the CNM (a) shows the typical peak of
the functional amino groups at ∼ 400.5 eV. In (b) the peak for the azide’s outer
nitrogen atoms overlaps with the peak of the functional amide group located
at the former position of the -NH2 groups. The reduced intensity of the main
peak compared to (a) can be attributed to detached contaminations containing
both carbon and nitrogen atoms or to self-attenuation. The existence of the
azide moiety is proven by the second peak at ∼ 405.2 eV, corresponding to the
centered nitrogen atom of the functional group. By comparing the areas A of
these two nitrogen peaks, one can estimate the coupling yield γ of the reac-
tion according to equation (5.1). Under the assumption that self-attenuation
can be neglected, a coupling yield of γ ∼ 21 % was found, which supports the
aforementioned hypothesis.

γ = A405.2 eV
A400.5 eV − 2A405.2 eV

(5.1)

After the coupling of the DBCOM to the CNM the energetically higher
azide peak in the N1s spectrum is not observable anymore and the introduced
nitrogen functionalities enhance the energetically lower peak. As with the
RAIRS measurements, especially the nitrogen spectra support the assumption
of the successful coupling of the functional maleimide group to the carbon
nanomembrane.
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Due to the progress in cloning, the immobilization of proteins on the func-
tionalized CNM was first tested with the yellow fluorescent protein mVenus,
which is structurally very similar to the previous investigated mTurquoise2.
Additional cysteine moieties were added to the protein by cloning to increase
the probability of the attachment. Drops containing a mixture of the modified
mVenus with either TCEP (green circles in figure 5.14) or 2-IAA (red circles)
have been placed on the specimen and after a latency time the sample was
washed. Based on the results of the ITC and UV-VIS measurements it was
expected that only fluorescent signals from the spots which were treated with
the mixture of the modified mVenus and TCEP would be detectable. The ar-
eas on which drops containing the fluorescent protein and 2-IAA were placed,
should not generate a signal. The cysteine residues should be inactivated and
thus could not react with the functional maleimide groups.

500 µm

Figure 5.14.: Fluorescence image of a CNM functionalized with maeimide moieties and
locally treated with drops of modified yellow fluorescent mVenus proteins. The
green and red circles correspond to an added mixture of modified mVenus with
TCEP and with 2-IAA, respectively.
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5.2. Protein Coupling to Carbon Nanomembranes

In figure 5.14 the resulting fluorescent image is shown. As expected strong
fluorescent signals are observable from the green-circled areas whereas in prin-
ciple no signal originates from the red-circled regions. Isolated signals can be
obtained from a red-circled area in the upper right corner of the fluorescent
image. It is most likely that the signals originate from some defects in the PET
support or from unspecific absorption as these features can also sporadically
be seen in the background. The intensity of the respective fluorescent signals is
significantly weaker compared to the bright intensity of the green-circled areas,
where the modified mVenus is bonded through a thioether moiety. However,
the fluorescent image clearly proves the successful irreversible coupling of the
modified fluorescent protein and verifies the developed functionalization strat-
egy. To achieve an even better distinction, the utilization of patterned CNMs
in combination with a protein-repellant matrix should be considered. Further-
more, the experiment was so far only conducted with the modified mVenus and
should be repeated with other proteins like the cyan fluorescent mTurquoise2.

5.2.4. Enhanced Coupling Density through Amino-Terminated
Self-Assembled-Monolayers

In order to target the enhancement of the coupling density, the idea of using
an amino-terminated self-assembled monolayer was developed. It was assumed
that compared with the NBPT, more reactive functional amino groups would
be available for the subsequent functionalization. The corresponding aromatic
precursor molecule needed to be synthesized as it is not commercially avail-
able. To keep the synthesis effort as low as possible, it was decided to use the
purchasable 4’-mercapto-[1,1’-biphenyl]-4-carbonitril as an educt for the re-
duction. The resulting precursor molecule 4’-(aminomethyl)-[1,1’-biphenyl]-4-
thiol (AMBPT) and its oxidation-resistant derivate (4’-((methoxymethyl)thio)-
[1,1’-biphenyl]-4-yl)methanamine (MOM-AMBPT) were synthesized by Nicole
Wutke at the Max Planck Institute for Polymer Research in Mainz. NMR
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5. Functionalization of Carbon Nanomembranes

analyses which were conducted in Mainz confirmed the successful syntheses of
the molecules. The chemical structures of the educt (a), the AMBPT (b) and
the MOM-AMBPT (c) are shown in figure 5.15a.
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(b) 4‘-(aminomethyl)-[1,1‘-biphenyl]-4-thiol (AMBPT)

(c) (4‘-((methoxymethyl)thio)-[1,1‘-biphenyl]-4-yl)methanamine
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Figure 5.15.: (a) Chemical structures of the at the Max Planck Institute for Polymer Re-
search in Mainz synthesized amino-terminated, aromatic precursor molecules
AMBPT and MOM-AMBPT using Cyano-BPT as an educt. (b) RAIRS mea-
surement of an AMBPT SAM.

The presented results were all obtained by utilizing the non-protected AMBPT
as the precursor molecule because of the time course of the experiments. A
detailed description of the specimen’s preparation is given in appendix B.
Due to the first-time usage of the synthesized precursor molecule, it was nec-

essary to examine whether (i) it is possible to form a SAM and (ii) the SAM
results in a stable and transferable CNM after the electron irradiation. Spec-
troscopic evidence were obtained by RAIRS and XPS measurements. To check
the transferability and the stability of the carbon nanomembrane, irradiated
samples were transferred onto a silicon oxide wafer and onto quantifoil holey
carbon foils on TEM grids, which exhibit free-standing areas, respectively. In
figure 5.15b a RAIRS measurement of an AMBPT SAM is shown. The peak
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at ν̃ ∼ 1645 cm−1 corresponds to the -N-H bending vibration and the one at
ν̃ ∼ 1606 cm−1 can probably be attributed to protonated functional amino
groups. The protonation could be caused by coordinated water molecules.
Thus, both peaks reveal the presence of functional amino moieties in the SAM
and suggest a successful self-assembly.
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Figure 5.16.: XP spectra in the regions of oxygen, nitrogen, carbon and sulfur of the amino-
terminated AMBPT SAM (a) and the corresponding CNM (b). Selected fits
are displayed.

In figure 5.16 the XP spectra of an AMBPT SAM (a) and - after cross-
linking in the ultrahigh vacuum - of the respective carbon nanomembrane (b)
are given. The C1s spectrum of the SAM shows a peak, which can be described
by the sum of two species. One originates at ∼ 284.5 eV and the other one
at ∼ 285.7 eV corresponding to the aromatic carbon backbone and the carbon
atoms bonded to sulfur and nitrogen, respectively. The sulfur spectrum clearly
exhibits two doublets each with an energy separation of ∆E = 1.2 eV with the
S2p3/2 peak located at ∼ 162.1 eV and at ∼ 163.8 eV. Besides the expected
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peaks of the bonds between the gold surface and the functional thiol groups,
the latter doublet indicates the presence of unbonded thiols in the SAM. The
N1s spectrum contains the characteristic peak of the functional amino groups
at ∼ 398.9 eV and a second peak at ∼ 400.3 eV. Graf et al. [145] reviewed
different bonding situations of amine precursor molecules on a gold surface
including the protonation of the amino group of an Au-bonded compound and
the hydrogen bonding between the amino moieties of the surface-bonded and
unbonded precursor molecules. Additionally, oxidized nitrogen species (e.g.
NHC=O) were considered in their study. The latter possibility was excluded
as the reason for the second nitrogen peak due to the lack of the corresponding
signal in the C1s spectrum around ∼ 287− 288 eV. Thus, it was attributed to
protonated/coordinated amino moieties. The oxygen spectrum shows a peak
caused by oxygen-containing adsorbates due to the exposure to ambient air.
After the irradiation of the SAM in the XPS system the carbon peak loses

intensity because of a material loss. The evaluation of the attenuation of the
gold signal reveals a decrease of the thickness by ∼ 3 Å from ∼ 12 Å for the
AMBPT SAM to ∼ 9 Å for the CNM. It is known that this decrease is due to
the irradiation damage of the self-assembled monolayer. On the other hand,
the for the calculation utilized inelastic mean free path of the CNM was es-
timated to be the same as the one of the SAM. This assumption introduces
some inaccuracies, which also affects the obtained value of the thickness, but
it cannot be avoided due to the unknown λIMFP. However, the determined
value of the AMBPT SAM is in a good agreement to the estimated thickness
of ∼ 11 Å using Chem3D Professional 16.0.1.4 [159]. The overall intensity
of the N1s peak slightly decreased, but it is noticeable that the peak for the
protonated/coordinated amino moieties was reduced more strongly. Further-
more, the O1s peak was also degraded. Both observations can be explained by
the irradiation-induced detachment of the coordinated precursor molecules and
adsorbates, respectively. From the S2p spectrum it is obvious that the energet-
ically higher doublet got more dominant after the cross-linking. This is known
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from previous investigations of CNMs, indicating the presence of sulfur species
such as unbonded thiols, sulfide or disulfides due to the radiation. In summary,
the XP spectra suggest the formation of a SAM by the usage of AMBPT as a
precursor molecule. After the electron irradiation, the typical changes in the
spectra could be observed indicating the cross-linking into a CNM.

20 µm

500 µm

1.00 µm

a b

c d

Figure 5.17.: Images of AMBPT CNMs on different supports. (a) to (c) on top of an
silicon oxide wafer and (d) on a quantifoil holey carbon foil on a TEM grid.
(a) Photography of the PMMA-coated AMBPT CNM. (b)/(c) Bright field
microscopy images of the pure AMBPT CNM at magnification factors of 5x
and 100x. The latter image was taken utilizing the DIC technique. (d) HIM
image of a free-standing specimen measured in transmission mode.

The transferability of the CNM was checked in a next step, employing dif-
ferent supports. The PMMA-stabilized carbon nanomembrane was transferred
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onto a silicon oxide wafer as displayed in figure 5.17a. After dissolving the
resist by acetone, the pure AMBPT CNM could be observed by bright field
microscopy in (b) and (c). Additionally, some greenish dots, which might be
residues of the PMMA, and some dark particles, mainly located at the border
of the CNM, can be seen. At higher magnifications and by using the DIC tech-
nique the carbon nanomembrane is undoubtedly distinguishable. It exhibits a
more bluish color in contrast to the surrounding silicon oxide wafer, which has
a more reddish shade. At this scale no macroscopic defects could be seen. To
verify the self-supporting character of the CNM a free-standing sample on a
quantifoil holey carbon foil on a TEM grid was prepared and examined in the
HIM using the transmission mode. In figure 5.17d the corresponding image,
which proves the stability of the AMBPT CNM over different open areas, is
given, nicely showing a defect in the lower part.
The successful preparation of a carbon nanomembrane from the amine pre-

cursor molecules was confirmed, enabling the study of the AMBPT’s potential
for further functionalizations. Having more reactive functional amino groups,
which can undergo further chemical reactions, should result in a higher cou-
pling density. This was subsequently investigated in cooperation with Nikolaus
Meyerbröker (CNM Technologies) using both N -succinimidyl trifluoroacetate
(TFA-NHS) and trifluoroacetic anhydride (TFAA). These molecules exhibit
electron-poor carbon atoms due to the bonded electron-withdrawing groups
and should be easily coupled to the AMBPT. The fluorine atoms facilitate the
detection by XPS and in this way allow to monitor the coupling density.
In figure 5.18 typical XP spectra of a successful coupling are displayed. The

bonded fluorine-containing group -CF3 gives rise to peaks at ∼ 688.5 eV in the
F1s spectrum and at ∼ 292.6 eV in the corresponding carbon spectrum. To
determine the coupling density, the ratio of the areas of the fluorine and the
nitrogen peak was calculated. The F1s area was divided by three in advance,
considering that three fluorine atoms contribute to the respective XPS peak.
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Figure 5.18.: XP spectra in the regions of fluorine, nitrogen and carbon of an amino-
terminated AMBPT SAM after the treatment with TFAA. Fits which are
relevant for the calculation of the coupling density are displayed.

Using the AMBPT SAM, coupling densities in the range of ∼ 0 − 12%
(TFA-NHS) and ∼ 55 − 73% (TFAA) could be achieved, showing that the
amino moieties were not able to substitute the NHS. Nevertheless, when em-
ploying TFAA, higher coupling densities could be realized. For comparison,
the functional nitro groups of a standard SAM were converted into amino moi-
eties by a chemical reduction. The subsequent reaction with TFAA results in
coupling densities in the range of ∼ 69− 75%, which are similar to the one of
the AMBPT SAM. As a next step, the effect of the electron irradiation was
studied. The SAMs were exposed to electrons and subsequently reacted with
TFAA. The chemically reduced SAM had coupling densities around 29% and
thus showed a lower value compared to an irradiated standard nitro-terminated
SAM (∼ 39%). The same behavior is expected for the AMBPT, not resulting
into a significant advantage for the chemical functionalization due to the SAM’s
similar coupling densities. The most likely explanation for the lower coupling
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densities of the amine SAMs is that during the established cross-linking proce-
dure most of the -NH2 moieties suffer from radiation damage, which leads to
a fragmentation of the functional groups and to a desorption from the SAM.
One way of tackling this issue in the future would be to find a milder (e.g.
lower energies, doses) or more specific cross-linking method (e.g. utilization of
photons) in order to conserve the functional amino groups without endangering
the stability of the CNM.
However, the presented amino-terminated SAMs could for instance still serve

as a pure reference specimen for the studies of Zhang et al. [27] who character-
ized the electronic transport behavior through NBPT SAMs and CNMs. Con-
sidering the possibility of the oxidation of the AMBPT’s sulfur, the protected
MOM-AMBPT, which was synthesized close to the end of the investigations,
should be used for this purpose. Adding a small amount of trifluoroacetic
acid to the solution of the MOM-protected AMBPT should lead to the cleav-
age of the protecting group and the following self-assembly process could be
performed with nascent AMBPT molecules.

5.3. Summary of the Chapter

In this chapter different functionalization stratgies were explored to immobi-
lize proteins on a carbon nanomembrane using either reversible or irreversible
binding approaches.
In the first subsection the complex formation using l-lysine-NTA was investi-

gated. It turned out that in principle the strategy worked but suffered greatly
from the reproducibility of the onetime results. Because the reasons for this
could not be clarified, other strategies were developed.
The copper-free click chemistry using 2-azidoacetyl chloride as the mediator

molecule and dibenzocyclooctyne derivatives responsible for the interaction
with the protein proved to be an efficient way. Two different approaches were
examined.
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The first one used the reversible binding of a streptavidin-tagged protein to
a functional biotin moiety connected to the CNM. The taken fluorescent im-
ages revealed the coupling to the carbon nanomembrane but also showed some
challenges related to the background signal and the coupling density. Conse-
quently, attempts were made to enhance the coupling density of the proteins by
the usage of amino-terminated self-assembled monolayers as a starting point,
which is the topic of the chapter’s last subsection. It was assumed that more
reactive functional amino groups, which could be used for the further function-
alization, would survive the irradiation with low energy electrons compared
to the conventionally used nitro-terminated SAMs. After the verification of
the carbon nanomembrane fabricated from the synthesized precursor molecule
4’-(aminomethyl)-[1,1’-biphenyl]-4-thiol (AMBPT) the coupling efficiency was
evaluated. Unfortunately, the results showed no significant advantage com-
pared to the standard CNMs. Nevertheless, the utilization of an aromatic,
amino-terminated molecule extends the set of molecular building blocks which
can be used for the successful fabrication of carbon nanomembranes.

The irreversible immobilization approach is based on the specific reaction
between functional maleimide groups and thiol moities forming stable and co-
valent thioether bonds. In this case simple cysteine residues would act as
the protein’s tag. To compensate the diminished agility of the surface-bonded
maleimide groups, the proteins were modified in the way that they exhibit
easily accessible cysteine moieties. The evaluation of the patterned fluorescent
image revealed an intense signal and thus a successful coupling in the expected
areas.

In summary it can be stated that the irreversible protein binding strategy,
which is described in the third subsection of this chapter, is the most promising
way to achieve the designated objectives. It was shown that an attachment in
the desired areas is possible.
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Due to the intensive search of a reliable method for the protein immobiliza-
tion using the CNM’s functional amino groups, the exploration of an appropri-
ate binding strategy for the thiol-terminated site of the carbon nanomembrane
could not be performed. Considering the facts gained during this investigation,
the usage of modified proteins containing a readily clonable cysteine-tag is as-
sumed to be an effective way. The coupling to the functional thiol groups of the
carbon nanomembrane might be achievable by utilizing either directly the -SH
groups of the CNM and the protein’s tag under oxidizing conditions or compa-
rabily short, (asymmetric) maleimides as cross-linking agents. In the first case
a direct disulfide bond (-S-S-) would be generated between the cysteine-tag and
the carbon nanomembrane, whereas in the latter case the maleimides would
form thioether bonds. For the verification of the coupling strategy transferred
thiol-terminated CNMs should be used.
To achieve a Janus membrane, the following concept could be utilized: In

a first step the amino-terminated side is functionalized using the presented
copper-free click chemistry. Afterwards the CNM is transferred onto a silicon
nitride membrane, which is embedded by a solid silicon substrate. For this
purpose a silicon nitride membrane should be used in which a single orifice
has been artificially generated, leading to a free-standing membrane area. This
chip can be placed between two compartments as shown by Yang et al. [10].
Both compartments can be simultaneously filled with the respective protein and
cross-linking agents under the right conditions. Afterwards the solutions can
be exchanged by an appropriate buffer solution and the sample could be used
for measurements. The adjustment of the compartments needs to be evaluated
with respect to the specific investigation, but in this way a fabrication of a
carbon nanomembrane with different functionalities on either sides would be
imaginable.

62



6. Transport Processes through
Carbon Nanomembranes

This three-part chapter outlines the investigations regarding the transport pro-
cesses through carbon nanomembranes by now and demonstrates the applica-
bility of radioactive tracers for determining the apparent diffusion coefficients
through carbon nanomembranes in aqueous solution. First, the current state
of the research is shortly presented and the motivation of the conducted exper-
iments of the present thesis is given. Subsequently, the obtained findings are
shown and evaluated with respect to the previous publications and the targeted
aims. At the end of the chapter the results were summarized and suggestions
for further investigations are given.

6.1. Current State of Research

The discovery of carbon nanomembranes as a novel molecularly-thin material
gave rise to the question of its properties. Thinking of separation processes, the
transport through carbon nanomembranes needed to be investigated to clarify
its potential for applications in this field. In 2014, Ai et al. [39] started to exam-
ine the gas separating behavior of supported CNM composite membranes. As
an underlying and stabilizing support polydimethylsiloxane (PDMS) thin film
composite (TFC) membranes, which are known as highly gas permeable mate-
rials, were used. A HIM image of a such a composite is shown in figure 6.1a,
where the two different materials are nicely distinguishable. A mathematical
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model which treats the contribution of the CNM and the PDMS layer to the
overall permeance like the parallel circuit of resistors, facilitating the derivation
of the pure permeance of the CNM PCNM was proposed.
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Figure 6.1.: (a) HIM image of a single layer BPT-CNM on PDMS support. (b) Schematic
illustration of the gas transport mechanism in multi-layer CNMs. (c) Derived
permeance of the pure carbon nanomembrane PCNM from the data of the com-
posite CNM-PDMS membrane. Reprinted and adapted with permission from
Ai et al. [39]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Wein-
heim.

Selected findings for single or multilayers of different carbon nanomembranes
on PDMS are shown in figure 6.1c. Whereas larger gases with respect to their
kinetic diameter e.g. Argon were blocked by the single layer, multilayers seem
to shift this cut-off towards smaller values already hindering the passage of
CO2 besides the drop in the overall permeance. Based on these results a small
lateral diffusion between the different layers of the CNM and the existence
of molecular-sized channels (b) allowing the transport of small species were
assumed.
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The effect of different precursor molecules and the partial exchange of self-
assembled monolayers which consist of oligophenylthiols by alkanethiols (mixed
SAMs) on the composite was studied by Chinaryan [160]. It was found that
the permeance is related to the molecular structure of the precursor molecule.
Introduced nano-sized defects, which cause a decline of its separation ability,
were proposed for the resulting composite of the mixed SAMs.

In 2018, Yang et al. [8] reported the investigation of free-standing carbon
nanomembranes which were fabricated by the transfer onto a silicon nitride
window with a single, well-defined orifice. As a mechanical support the Si3N4

window is embedded into a solid silicon chip. The permeation of a vapor orig-
inating from a liquid was studied by gravimetric analysis and the gas perme-
ation was determined using the detection by a quadrupole mass spectrometer.
Photographs of the respective experimental setups are shown in figure 6.2a/b.

a

b

c

Figure 6.2.: (a)/(b) Photographs of the experimental setups of the gravimetric analysis and
the gas permeation, respectively. (c) Permeances of different vapors and gases
through TPT CNMs. Reprinted and adapted with permission from Yang et al.
[8]. Copyright 2018 American Chemical Society.

It was found that for TPT CNMs only helium and water were able to per-
meate through the carbon nanomembrane (figure 6.2c), whereas the latter one
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remarkably displays a ∼ 2500 times higher flux. Structural investigations sug-
gested a carbon network with sub-nanometer channels. The upper limit of
the pore diameter was determined to be (0.7± 0.1) nm allowing a cooperative
rapid water permeation similar to the one one in carbon nanotubes or mem-
brane proteins like aquaporins. Dementyev et al. [41] pushed the development
of the experimental setup for the vapor permeation measurements, which en-
abled sophisticated investigations of mixtures. It was found that water assists
the permeation of other gases [9] causing the suggestion of a phenomenological
model for the permeation of gases and vapors through carbon nanomembranes.
A following study on the permeation behavior through single and double layers
of free-standing TPT CNMs using small, aliphatic alcohols’ vapors led to the
idea of the molecular jamming mechanism [42] refining the proposed model.
However, the mentioned investigations in the gas phase indicated that CNMs
could be a promising material for efficient separation processes.
In 2020, Yang et al. [10] recently demonstrated the separation ability of TPT

CNMs in the liquid phase. Current-voltage characteristics and electrochemical
impedance measurements were employed to investigate the rejection of ions
and the corresponding resistances, respectively. In figure 6.3 the schematic
depictions and results are displayed. The current-voltage characteristic for a
1 M potassium chloride solution was compared to a sealed silicon chip and to
apertures of different sizes for which HIM images were additionally provided.
It was found that the result obtained for a CNM-covered aperture is indistin-
guishable from the one of a sealed silicon chip, whereas the references show a
linear characteristic depending on the aperture’s size. The associated calcu-
lated resistance for the TPT specimen is in the range of GΩ. Furthermore,
different ionic species were measured by the electrochemical impedance method
and the resistances were derived by the equivalent circuit model displayed in
figure 6.3b. Interestingly, the obtained GΩ resistances for the samples covered
by carbon nanomembranes revealed a correlation between the hydration radii
of the utilized cations and the determined resistances. A bigger hydration ra-
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dius corresponds to a higher resistance and thus to a reduced probability of
passing through the carbon nanomembrane.
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Figure 6.3.: (a) Upper panel: Schematic illustration of the experimental setup for de-
termining the current-voltage characteristic of free-standing CNMs. Bottom
panel: Selected results for a 1 M potassium chloride solution. (b) Upper panel:
Schematic depiction of the electrochemical impedance measurements of free-
standing CNMs with the applied equivalent circuit model. Bottom panel: Re-
sulting resistances of different ions. Reprinted and adapted from Yang et al.
[10]. Copyright 2020. Published by Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

The ionic exclusion of carbon nanomembranes consequently led to exper-
iments concerned with the application in forward osmosis (FO). Supported
double-layer TPT CNMs were used for reasons of stability, not affecting the
general permeation behavior. The experimental setup is schematically shown
in figure 6.4a, which also displays the hypothesis that water permeates through
the CNM in a single-file motion. Yang et al. nicely demonstrated that by time
a draw solution of sodium chloride became diluted and the corresponding feed
solution concentrated. The directed water transport to the draw side caused
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changes in the fluid levels - meaning a rise on the draw side and a decline on the
feed side. Video evidence was attached to their publication and the respective
time-depended concentrations are provided in figure 6.4b.

Figure 6.4.: (a) Schematic illustrations of the forward osmosis experiment with supported
double-layer CNMs and the assumed osmotic process. (b) Time-depended
sodium chloride concentrations of the draw (ct=0 = 1M) and the feed solu-
tion (ct=0 = 2mM). Reprinted and adapted from Yang et al. [10]. Copyright
2020. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

For a CNM-Microlon composite the salt concentration of the 1 M NaCl draw
solution dropped to 0.3 M within sixty minutes with a simultaneous increase of
the feed solution’s salt concentration from 2 mM to ∼ 12 mM. Similar results
were obtained for the “track etched” polyethylene terephthalate (TE PET)
supported specimen. The comparison with commercial FO membranes clearly
demonstrates the superiority of the carbon nanomembranes and draws now the
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attention to the challenge of fabricating large-scale composites which can be
used on an industrial level.

The presented investigations outline the development from the quantitative
determination of permeating gaseous and ionic species associated with the
establishment of a phenomenological model to the fabrication of a proof-of-
concept prototype for forward osmosis applications. However, permeation can
only be investigated so far in the gas phase or for charged molecules in the
liquid phase. Consequently, the quantification through derived diffusion coef-
ficients can exclusively be done for these cases. The aim of the investigations
presented in this chapter is to explore the usage of radioisotopes in aqueous
solution in order to find a more universally applicable method to determine the
apparent diffusion coefficients through carbon nanomembranes. Advantages of
this method would be a high sensitivity and the ability of tagging almost ev-
ery molecule of interest as well as the simultaneous measurement of multiple
differently marked components. The successful implementation would extend
the available analytical methods for characterizing the carbon nanomembranes’
material properties and facilitate a comparable easy way of screening for perme-
ating species. Free-standing TPT CNMs were used to ensure the comparability
to the previous examinations. The design of the measurement cell and the gen-
eral experimental conditions were adapted from Yang et al. [10]. Hydrogen-3
(3H, tritiated water), carbon-14 (14C, sodium bicarbonate) and phosphorus-32
(32P, phosphoric acid) served as a test system and the radioactive tracers were
monitored by liquid scintillation counting.

6.2. Aqueous Apparent Diffusion Coefficients
Determined by Radioactive Tracers

The following results were obtained in cooperation with Anna Dreyer from
Plant Biochemistry and Physiology of the Faculty of Biology of Bielefeld Uni-
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versity. The handling of the radioisotopes and the acquisition of the time-
dependent tracer counts were done by her.
Based on the results of the following subsections, a publication was sub-

mitted to the peer-reviewed scientific journal The Journal of Physical Chem-
istry Letters. The subsequent contents associated with this topic are reprinted
and partly adapted with permission from Dalpke, R., Dreyer, A., Korzetz, R.,
Dietz, K.-J. & Beyer, A. Selective Diffusion of CO2 and H2O through Carbon
Nanomembranes in Aqueous Solution as Studied with Radioactive Tracers. The
Journal of Physical Chemistry Letters, Manuscript ID: jz-2020-018217. Sub-
mitted and under review (2020). Copyright 2020 American Chemical Society.
Repeated citations after each individual content are omitted.

6.2.1. Experimental Setup

As stated above, the design of the utilized permeation container was adapted
from Yang et al. [10]. In figure 6.5 a schematic illustration (a) and a pho-
tograph (b) of the experimental setup are shown. The employed permeation
cell exhibits an acceptor and a donor compartment, each having a capacity of
V ∼ 88 µl. The compartments were filled with a mineral oil-covered buffer so-
lution (pH = 7) and separated by a free-standing carbon nanomembrane with
a diameter of d ∼ 7 µm on a silicon nitride window, which was embedded into
a solid silicon chip. Hydrogen-3 (3H, tritiated water), carbon-14 (14C, sodium
bicarbonate) and phosphorus-32 (32P, phosphoric acid) were purchased as ra-
dioactive components. The reason for this was the known good discriminability
in energy of the radioisotopes during the liquid scintillation counting.
After the addition of the radioactive tracers to the donor compartment of the

permeation cell, diffusion to the acceptor side occurs. The general procedure
was to determine the concentration of the respective radioisotopes in both
compartments after specific time intervals. The detailed description of the
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specimen’s fabrication and the precise measurement procedure are provided in
appendix B.

silicon chip
silicon nitride window
TPT CNM

permeation container

donor side

acceptor side

a b

oil

buffer, pH = 7

PDMS     sealing

Figure 6.5.: (a) Schematic depiction of the radioisotope diffusion experiment. The tracer
molecules were added to the donor compartment. Diffusion occurs through the
TPT CNM to the acceptor compartment. (b) Photograph of a typical perme-
ation container based on the design of Yang et al. [10] including a mounted
specimen.

The initial activities of the radioisotopes were set to be A(3H) = 2 µCi,
A(14C) = 6 µCi and A(32P) = 1 µCi. In the course of some preliminary
investigations an interference between the 3H and 14C has been found during
the evaluation of the acquired scintillation data. As a consequence the obtained
carbon-14 data were overcorrected and not usable in a sensible way. To tackle
this issue the 3H and 14C radioisotopes were investigated separately with 32P as
an internal control agent. Reference measurements were conducted by using an
open orifice to separate the two compartments from each other. In order to be
able to take the outgassing of the radioactive tracers into account, preliminary
investigations were conducted. These experiments exhibited starting activities
of A(14C) = (2 to 10) µCi and were performed in a permeation cells with sealed
silicon chips.
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6.2.2. Mathematical Model

A mathematical model to describe the radioisotope’s time-dependent concen-
tration, which incorporates the tracer loss, was developed and its complete
derivation is given in appendix C. In equation (6.1) the differential equation
for the time-dependent concentration, which is composed of two distinct terms,
is shown. The left hand side considers the outgassing behavior and the right
hand side represents the occurring diffusion, which has in this case a positive
algebraic sign when describing the acceptor compartment. The conversion of
the detected activities to concentrations was done by the division with the
specific activity of the respective radioisotope and the volume of the specimen.

dCA/D
dt = −kCA/D ±D′

∂C

∂x
· A
V

(6.1)

CA/D is the bulk concentration in the acceptor or donor compartment, t the
time, k the outgassing constant, D′ the apparent diffusion coefficient, ∂C/∂x
the concentration gradient across the orifice, A the effective diffusion membrane
area and V the compartment volume. The utilization of suitably selected
boundary conditions results in the solution displayed in equation (6.2).

CA/D = C0
2 exp(−kt)

[
1∓ exp

(
−2D′A

V d
t

)]
(6.2)

The parameters C0, d and a are the initial concentration in the donor com-
partment, the thickness of the membrane and the radius of the effective dif-
fusion membrane area, respectively. The introduction of a correction factor f
as shown in equation (6.3) takes the effect of concentration polarization into
account where the concentrations at the membrane’s surface and bulk differ
from each other. It was found that f can be calculated from the geometri-
cal factors d and a (radius of the orifice) and the ratio of the fluxes F/FRef
through a membrane and an open orifice. This ratio is derivable from the re-
spective ratio of the radioisotopes’ activities in the acceptor compartment. In
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this investigation the ratio was calculated for the last taken data point.

f = 1−
(

1− 2d
πa

)
F

FRef
(6.3)

The combination of the correction factor f with equation (6.2) slightly mod-
ifies the expression and yields the final equation (6.4) for the description of the
radioisotopes’ concentrations.

CA/D = C0
2 exp(−kt)

[
1∓ exp

(
−2f D

′A

V d
t

)]
(6.4)

Rearrangement of the former equation leads to a linearization of the expres-
sion with respect to time as displayed in equation (6.5), facilitating the direct
calculation of the apparent diffusion coefficient D′ from the slope as all other
parameters are known.

ln
[
− 2CA
C0 exp(−kt) + 1

]
= −2fD′A

V d
t (6.5)

6.2.3. Preliminary Investigation of Outgassing Effects

Sodium bicarbonate contains the carbon-14 radioisotope and is predominantly
present as the ionic bicarbonate (∼ 86 %) under the experimental conditions
according to the Henderson-Hasselbalch equation. In the buffered aqueous
solution this HCO−3 ion is in equilibrium with neutral, gaseous carbon dioxide
(CO2), which is able to leave the system through outgassing, leading to a
loss of tracer material. The permeation cell was not sealed due to reasons
of the carbon nanomembrane’s stability. Therefore, a layer of mineral oil at
the air-liquid interface was used to reduce the outgassing of the radioisotopes.
Closed silicon chips - meaning without an orifice - were used to separate the
compartments of the permeation cell during the preliminary investigation of
the outgassing effect.

The obtained results for the different starting activities of the sodium bi-
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carbonate are shown in figure 6.6a. Despite the overlay with mineral oil, the
concentrations decrease with time, which means that the covering cannot pre-
vent the outgassing effect. The exponential curve shapes of the time-dependent
tracer concentrations are obvious. Therefore, a first order exponential decay
was fitted to the data to obtain the respective outgassing constants k, which
are displayed in figure 6.6b. The rate constants for the three lower activities
show the same constant value, whereas the k for the higher initial activities
decrease with increasing amount of the radioisotope. The reason for this could
be a nonlinear dependence of the thermodynamic activities on the concentra-
tions, which would affect the respective rate constants. The averaging of the
similar outgassing constants (gray-shaded) result in a mean rate constant of
k = (2.76± 0.17) · 10−2 h−1.

a

b

c

Figure 6.6.: (a) Time-dependent concentrations of the carbon-14 radioisotope for different
initial activities. Two data sets were averaged for each activity. (b) Derived
outgassing constants from (a) displayed with their respective fitting errors.
The gray-shaded constants were averaged to determine the mean outgassing
constant. (c) Experimental data of the acceptor compartment of the carbon-14
radioisotope plotted and fitted according to equation (6.5).

To test the applicability of the presented model the results of the carbon-14
diffusion and reference measurements were plotted in figure 6.6c according to
equation (6.5) for which now every parameter except the apparent diffusion
coefficient D′ is known. In these cases the measurements were conducted with
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a CNM-covered silicon chip (diffusion experiment) and with an open orifice
(reference experiment). Only the values of the acceptor compartment were
considered due to the better distinguishability of the change in concentration.
As it was expected, the model describes the linear dependence of the radioiso-
topes’ data very well and validates the derived mathematical description. The
acquired data for the hydrogen-3 and phosphorus-32 were processed in the same
way to extract the respective apparent diffusion coefficients. It is important to
note that for the cases of the 3H and 32P no outgassing occurs. Thus, the rate
constant has been set to be zero, leading to the exponential function having a
value of one.

6.2.4. Diffusion of Radioisotopes through CNMs in Aqueous
Solution

As aforementioned, two sets of experiments for hydrogen-3 and carbon-14 have
been performed independently from each other. The radioisotope 32P was
present in both cases. For the diffusion experiment a CNM-covered silicon chip
and for the reference measurements an open orifice was used. After the deriva-
tion of each apparent diffusion coefficient using the linearized equation (6.5)
the data have been plotted and the calculated curves of the time-dependent
tracer concentrations of the acceptor compartments according to equation (6.4)
were displayed. The obtained graphs are given in figure 6.7. It is noticeable
that the error in the concentration is only visible for the 32P data of the TPT
CNMs. For each of the radioisotopes hydrogen-3 and carbon-14 three TPT
CNMs and two references have been measured. Consequently, six samples and
four references were investigated in total for the phosphorus-32.

In figure 6.7a/b the profiles of 3H and 14C are shown. It is clear to see that
the model describes the measured data very well. The reference concentrations
are in both cases higher compared to the ones of the CNM-covered samples,
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indicating that the diffusion of the radioisotopes is hindered by the carbon
nanomembrane.

a

b d

c

Figure 6.7.: Time-dependent acceptor compartment concentration of the radioisotope (a)
hydrogen-3 (b) carbon-14, and (c)/(d) phosphorus-32. The measurements for
the 32P of typical references and TPT CNMs were displayed separately for a
better visualization. The data in (c) are shown with their calculated error in
the concentration. Fits according to equation (6.4) of the mathematical model
were utilized to generate the time-dependent curves. In (d) each reference data
set was modeled by two curves. The left ones only considered the first three
data points for the extraction of the apparent diffusion coefficient according
to equation (6.5), whereas the right ones used all available values. The gray-
shaded area consequently displays the range of all possible curves. The dashed
line represents the curve of the assumed mean apparent diffusion coefficient of
the two references.

In the data of the carbon-14 tracer molecule two regions can be nicely iden-
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tified. At early time stages the concentration increases due to diffusive trans-
port of the radioisotope through the TPT CNM, whereas later on the out-
gassing dominates the 14C causing the concentration’s saturation. As expected
from previous studies the tritiated water diffuses from the donor compart-
ment through the TPT CNM to the acceptor compartment. Interestingly, the
carbon-14 radioisotope is also able to pass the carbon nanomembrane.
Typical results of the conducted investigations of the 32P tracer are given in

panels c and d of figure 6.7. The obtained concentrations for the CNM-covered
specimens are considered to be constant within the displayed errors and over
the observed time period. It can be concluded that the phosphorus-32 is not
able to pass through the TPT carbon nanomembrane or in other words that
the 32P radioisotope is blocked by the CNM. Thus, concentrations in the range
of C32P ∼ 80 fmol l−1 for phosphorus-32 are estimated as its specific detection
limit of the method. To derive an upper boundary of the corresponding 32P
apparent diffusion coefficients, equation (6.4) has been extended with an offset
in the same range as the limit of detection and was used for the determination
of D′.
The aforementioned detection limit was specified as the seeming radioiso-

tope’s concentration of a blank measurement. Assuming the same activity, the
detection limit is inversely proportional to the respective tracer’s specific ac-
tivity. For comparison, this results in specific detection limits for hydrogen-3
and carbon-14, which are three and six orders of magnitude higher compared
to one of 32P.
The reference measurements of the phosphorus-32 are given in figure 6.7d.

The time-dependent concentrations show a similar trend as the carbon-14 data
in panel b. It was expected that the concentration increases linearly with time
as the one of the hydrogen-3 tracer. The apparent saturation of the values
cannot be explained by outgassing effects compared to the 14C. The half life
of the phosphorous-32 radioisotope is t1/2 ∼ 14.3 d and through a beta decay
the 32P results in the stable sulfur-32 isotope (32S). [161] Using the first-
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order differential equation for a radioactive decay ∼ 10% of the initial tracer
molecules transmuted during the course of the experiments. The decay product
sulfur-32 is not radioactive and thus cannot be monitored by liquid scintillation
counting. The presented mathematical approach does not consider the tracer
loss due to the nuclear transmutation. However, because of its comparably
small amount, this effect cannot be the only reason why the plotted curves do
not reproduce the obtained phosphorus-32 concentrations, but the actual cause
could not be determined. In order to give a reasonable order of magnitude for
the 32P apparent diffusion coefficient through the carbon nanomembrane, two
different cases were examined. The model was applied on the one hand to the
few early data points which are assumed to follow a linear behavior and on
the other hand to all available time-dependent concentrations, facilitating the
determination of an upper and lower limit of the apparent diffusion coefficient.
The range in between those is marked by the gray-shaded area in figure 6.7d.
The black dashed line represents the resulting curve of the mean apparent
diffusion coefficient. The determined apparent diffusion coefficients differ by a
factor of three and for the comparison in figure 6.9, it was chosen to show D′

which used all data points.
The applicability of the 32P tracer as an internal control agent for the

intactness of the carbon nanomembrane is shown in figure 6.8. The time-
dependent concentrations of the acceptor compartment of a reference mea-
surement through an open orifice, and of intact and defective CNM-covered
openings are displayed in comparison. The data of the intact TPT CNM and
the reference show a similar trend as already explained for the panels c and d of
figure 6.7, respectively. Intuitively more tracer molecules should pass through
the defective specimen compared to an intact sample. The time-dependent
concentrations should converge to the values of the reference, depending on
the total broken area of the sample. Accordingly, the corresponding values for
the acceptor concentration of the defective specimen lies in between the open
and covered orifice.
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Figure 6.8.: Time-dependent acceptor compartment concentrations of the radioisotope
phosphorus-32 for an reference measurement using an open orifice (black-filled
triangles), as well as for an intact (black-filled circles) and defective TPT CNM
(open circles).

To estimate the defective area ADef of a partially defective specimen, equa-
tion (6.7), which has been fully derived in appendix C, was applied. The
approach bases on Fick’s law of diffusion which states that the flow rate Q
through the specimen is proportional to its area A and concentration gradient
∂C/∂x as shown for both cases in equation (6.6). The first expression theoret-
ically attributes the overall flow rate to two separate transport processes. Two
cases can be distinguished: the flow rate through intact areas AInt of the CNM
and the one through defective, or in other words open areas. Assuming each
term has an own, independent concentration gradient and apparent diffusion
coefficient, the intact regions would behave like a totally intact CNM specimen
with D′CNM (∂CCNM/∂x) and the defective areas like an open orifice of a ref-
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erence measurement with D′Ref (∂CRef/∂x). On the other hand the flow rate
during a real measurement considers the complete area of the specimen ATot

and cannot differentiate between open and CNM-covered regions. The overall
observable apparent diffusion coefficient D′Obs contains contributions from both
cases. The resulting expression is shown in the second equation. The defective
area is furthermore defined as the difference of the total and intact area.

Q = −
(
AIntD

′
CNM

∂CCNM
∂x

+ADefD
′
Ref

∂CRef
∂x

)
Q = −

(
ATotD

′
Obs
) ∂C
∂x

(6.6)

Because both descriptions of the flow rate are valid these can be equated.
The different concentration gradients can be unified by utilizing the already
introduced correction factor f , simplifying the expression for the ratio of the
intact and total area to the following equation (6.7), which is directly related
to the defective area of the specimen.

AInt
ATot

= fRefD
′
Ref − fObsD

′
Obs

fRefD′Ref − fIntD′CNM
ADef
ATot

= 1− AInt
ATot

(6.7)

By knowing the appropriate values for fRefD′Ref and fIntD′CNM from measure-
ments of reference and intact specimens of the same batch, the defective area
is easily obtainable from the observed parameters fObsD

′
Obs of the partially

defective sample under investigation.
The defective area’s fraction of the partially broken, free-standing TPT spec-

imen in figure 6.8 was determined to be ADef/ATot ∼ 12 %. This value seems
to be in a reasonable range. For comparison, Ai et al. [39] calculated values
between 11 % and 25 % for the non-covered area of the used polymer-supported
single-layer CNMs.
The apparent diffusion coefficients of the radioisotopes hydrogen-3, carbon-
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14 and phosphorus-32 through an open orifice and a carbon nanomembrane
which were obtained in the present thesis are shown in figure 6.9 and discussed
in detail in the following paragraph. The values of at least three TPT CNM
samples and not less than two open orifices have been averaged for each deter-
mination. Yang et al. [10] recently performed ion conductance measurements
for different cations through TPT CNMs. From the conductivity the respec-
tive apparent diffusion coefficients were calculated by employing the Nernst-
Einstein equation. The data are also shown for comparison and are most-likely
the only available literature values for apparent diffusion coefficients through
CNMs in aqueous solutions up to now.

The gray-shaded box represents the range of the apparent diffusion coef-
ficients of the following listed ionic and neutral species in aqueous solution
taken from the literature, assuming KL = 1: H+, OH−, H2PO−4 , HPO2−

4 ,
PO3−

4 , HCO−3 , NaCO−3 , and CO2−
3 [162], CO2 [163], H2O (self-diffusion) [164],

THO [165], and T2O (self-diffusion) [166].

The apparent diffusion coefficients of the reference measurements range all
from D′Ref ∼

(
10−9 to 10−8)m2 s−1, which agrees well with the displayed

literature range and furthermore validates the reasonable design of the ex-
periment with its evaluation procedure. It also strengthens the confidence
in the reliability of the apparent diffusion coefficients determined for the in-
tact CNM samples. It is obvious to see that the diffusive transport is hin-
dered by the carbon nanomembrane. The apparent diffusion coefficients of the
tracer molecules hydrogen-3 and carbon-14 deviate by four orders of magni-
tude compared to the measurements of the uncovered orifice, having values of
D′3H(CNM) ∼ 10−13 m2 s−1 and D′14C(CNM) ∼ 10−12 m2 s−1, respectively. The
radioisotope phosphorus-32 cannot diffuse through the TPT carbon nanomem-
brane, which acts in this case as an impermeable barrier. The estimated ap-
parent diffusion coefficient D′32P(CNM) ∼ 10−16 m2 s−1 is seven orders of mag-
nitude lower compared to the reference measurements, which underlines the
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applicability of the 32P as an internal control agent for the CNM’s intactness
and quality.

Figure 6.9.: Apparent diffusion coefficients of the three radioisotopes hydrogen-3, carbon-
14 and phosphorus-32 through an open orifice (reference, blue) and through
free-standing TPT CNMs (red) in aqueous solution obtained in the present
thesis. Three TPT samples have been averaged for both 3H and 14C, and
six samples for 32P. Two references for the hydrogen-3 and carbon-14, and
four open orifices for phosphorous-32 were measured. The errors represent the
corresponding standard deviation. The apparent diffusion coefficients of the
ionic species (green) were derived from Yang et al. [10]. The gray-shaded
area represents the typical range of apparent diffusion coefficients in aqueous
solutions taken from the literature [162–166], assuming KL = 1.

The tracer molecules hydrogen-3 and carbon-14 are both able to pass the
carbon nanomembrane, revealing its property as a semipermeable membrane.
The selective transport behavior was shown in the literature before. It was re-
ported that water and helium permeate through TPT CNMs while other gases,
organic vapors and most ions are rejected by the carbon nanomembrane. [8, 10]
The hindered permeation of ions through the CNM compared to neutral species

82



6.2. Aqueous Apparent Diffusion Coefficients Determined by Radioactive Tracers

gave rise to the idea that an electrostatic barrier, which opposes the passage
of charged species, exists across the CNM. A carbon nanomembrane is basi-
cally an inhomogeneous carbon network. Computer simulations for the proton
transport across carbon nanotubes were conducted by Dellago and Hummer
[167]. It was found that a large electrostatic penalty arises due to the loss of
the preferred eigenlike configuration H9O+

4 . Studies about the proton trans-
port utilizing the water channel protein aquaporin conclude similar outcomes.
[168, 169] Thus, it can be assumed that such electrostatic effects also play a
role for the transport of ions through CNMs, which would explain the com-
paratively low values of their apparent diffusion coefficients in figure 6.9. The
determined apparent diffusion coefficient for 3H is roughly six orders of mag-
nitude higher than the one for H+ which was extracted from the experiments
of Yang et al. [10]. In combination with the previous stated observations this
leads to the suggestion that the radioactive tracer hydrogen-3 diffuses as neu-
tral water, most likely as THO, through the carbon nanomembrane. Due to
its similar apparent diffusion coefficient in relation to the tritiated species it is
most likely that the 14C tracer permeates the TPT CNM as neutral CO2 al-
though the radioisotope carbon-14 has been introduced as sodium bicarbonate,
which is mainly present as the bicarbonate ion. In fact, this hypothesis is sup-
ported by experiments of Gutknecht et al. [170] who investigated lipid bilayer
membranes with carbon-14 tracers and whose results also indicated that the
isotope crosses the membrane as neutral CO2. In this case the lowered driving
force due to the small amount of carbon dioxide (∼ 14 %) under the exper-
imental conditions needs to be considered. The observed apparent diffusion
coefficient was divided by the fraction of CO2 in order to extract the apparent
diffusion coefficientD′14CO2

(CNM) ∼ 10−11 m2 s−1. In the gas phase, the water-
assisted permeation of carbon dioxide through TPT CNMs was further shown
by Naberezhnyi et al. [9]. The derived apparent diffusion coefficient from their
experiments is in the same order or magnitude. These findings substantiate
the idea of neutral molecules to be the preferred carrier species through CNMs.
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6.3. Summary of the Chapter

This chapter explored the possibility of using radioisotopes to determine the
respective apparent diffusion coefficients through carbon nanomembranes in
aqueous solution in order to find a more universal method for the investiga-
tion of permeating species compared to the ion conductance measurements.
Free-standing TPT CNMs were utilized as a model system, facilitating the
comparison to previous permeation studies in the gas and liquid phase. Triti-
ated water (hydrogen-3), sodium bicarbonate (carbon-14) and phosphoric acid
(phosphorus-32) were used as tagged molecules. A mathematical model which
considers the effects of concentration polarization and the carbon-14 tracer loss
due to outgassing was developed. To the best of my knowledge this is the first
time that the diffusion through a carbon nanomembrane in aqueous solution
was studied with such a method.
It was found that the detection through liquid scintillation counting is a

promising technique to investigate the semipermeable behavior of carbon nano-
membranes. The derived apparent diffusion coefficients for open orifices in the
range of D′Ref ∼

(
10−9 to 10−8)m2 s−1 are in good agreement with the corre-

sponding literature legitimating the experimental approach and the evaluation
procedure.
As expected, the hydrogen-3 radioisotope diffuses through the TPT CNM.

Intriguingly, the carbon-14 tracer was also detectable, having an apparent diffu-
sion coefficient in the similar range like the 3H containing component. The ap-
parent diffusion coefficients are D′3H(CNM) ∼ 10−13 m2 s−1 and D′14C(CNM) ∼
10−12 m2 s−1, respectively. The comparison with other studies indicates that
most likely the radioisotopes carrier species through the CNM are neutral
molecules. In the particular cases neutral water, most likely THO, and car-
bon dioxide are assumed to be the preferred carriers. For the ionic species
electrostatic effects were considered to prevent a diffusive transport through
the carbon nanomembrane. Considering the lowered driving force in the case

84



6.3. Summary of the Chapter

of CO2, the apparent diffusion coefficient D′14CO2
(CNM) ∼ 10−11 m2 s−1 was

calculated.
The phosphorous-32 radioisotope was restrained by the TPT CNM allowing

its employment as an internal control agent for the intactness and quality of
the specimen. The respective apparent diffusion coefficient was estimated to
be D′32P(CNM) ∼ 10−16 m2 s−1, leading to its specific detection limit of around
C(LOD)32P ∼ 80 fmol l−1 for this method. Under the same conditions, the
limit of detection for the other radioisotopes was estimated to be in the range
of C(LOD)3H ∼pmol l−1 and C(LOD)14C ∼nmol l−1, respectively. By using
the 32P tracer the fraction of the defective area of a partially broken sample
was quantified to a reasonable value of ADef/ATot ∼ 12 %.

The obtained results demonstrated the method’s proof-of-principle and re-
vealed its capabilities. Still, for future investigations some challenges need to
be overcome. The outgassing effect could be reduced by an appropriate sealing
of the permeation cell. Additionally, the reason for the apparent saturation
of the phosphorus-32 needs to be identified and understood, which might lead
to a change in the experimental setup. The developed mathematical model
can be further refined by for instance considering the radioactive decay of the
tracer molecules. Different combinations of the radioisotopes which are in-
tended to be used need to be tested in advance to avoid intricacies during the
data evaluation.
However, in principle almost every molecule of interest can be tagged by

radioactive tracers facilitating a systematic analysis of the carbon nanomem-
brane’s selectivity in aqueous solution. The prospective data will help to gain
a better understanding of the involved transport mechanisms and could be the
basis of sophisticated modeling attempts.
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7. Carbon Nanomembranes from
Alkanethiol Monolayers

The previous chapters dealt with the functionalization and characterization of
conventional, aromatic-based carbon nanomembranes. The focus of the fol-
lowing five-parted chapter is related to the question whether it is possible to
fabricate stable CNMs from structurally different precursor molecules and if so,
to investigate the corresponding membrane’s properties. Preceding studies are
introductorily reviewed in the current state of the research and the motivation
of the investigations performed in the present thesis is given. The obtained
findings are subsequently shown and compared to the preliminary works. At
the end of the chapter a summary with an outlook for future studies is provided.

7.1. Current State of Research

The investigation of Gölzhäuser et al. [46] reporting that aromatic monolay-
ers serve as a negative resist in electron beam lithography, whereas aliphatic
systems lead to a positive resist, marks one of the starting points of the discov-
ery of carbon nanomembranes. Studies [47, 171] which address the irradiation
damage of the utilized monolayers and indicate that for aliphatic systems the
destructive processes, e.g. decomposition and desorption, prevail over the cross-
linking into a quasipolymeric film, were conducted. In contrast, self-assembled
monolayers of aromatic precursor molecules survive the electron irradiation.
Based on these observations the aromatic systems were the logical choice for
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the fabrication of detachable molecularly films. Carbon nanomembranes are
for that reason conventionally fabricated from aromatic precursor molecules.
Angelova et al. [7] intensively explored the effect of the aromatic compound’s
bulkiness on the properties of the resulting free-standing carbon nanomem-
brane. It was found that the longer or bulkier the precursor molecule, the
thicker or more porous the respective CNM is. The presence of pores was at-
tributed to a less ordered and densely packed SAM. Recently, Neumann et al.
[44] demonstrated the fabrication of a chemically inert all-carbonaceous carbon
nanomembrane by employing hybrid aliphatic-aromatic precursor molecules
with carboxylic anchoring groups. In 2012, Waske et al. [45] studied the effect
of electron irradiation on monomolecular films of the cycloaliphatic molecule 4-
cyclohexylcyclohexanethiol (CCHT). Reference measurements were conducted
with the SAMs made of the well-known aromatic precursor biphenyl-4-thiol
(BPT) and the linear, aliphatic compound 1-dodecanethiol (DDT).

cis-CCHT trans-CCHT DDT

Figure 7.1.: SEM imaged of patterned and etched 4-cyclohexylcyclohexanethiol (CCHT)
and 1-dodecanethiol (DDT) samples. Reprinted and adapted with permission
from Waske et al. [45]. Copyright 2012 American Chemical Society.

The choice of these molecules was justified on the one hand due to the same
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number of carbon atoms and on the other hand with the fact that CCHT is
the cycloaliphatic equivalent of BPT. In figure 7.1 SEM images of patterned
CCHT (a/b) and DDT (c) samples on Au(111) after the wet-chemical Au-
etching procedure are shown. It can be clearly seen that the irradiated areas
were protected by the CCHT leaving a gold pattern, whereas in the case of
DDT the inverse behavior was observed. The cycloaliphatic molecules behave
as a negative resist like their aromatic counterpart BPT. As it was expected, the
DDT acts as a positive resist at even lower doses. Additional measurements
have been performed and it was concluded that the cyclic structure is the
stabilizing key property. However, the proof that cycloaliphatic molecules form
a self-supporting, free-standing carbon nanomembrane by showing a transferred
specimen has not been provided.

Figure 7.2.: Schematic depiction of the 1-octadecanethiol’s (ODT) electron resist behav-
ior with corresponding AFM images as well as depth profiles. Reprinted and
adapted with permission from Wu et al. [48]. Copyright 2009 American Chem-
ical Society.

Coming back to the self-assembled monolayers made of alkanethiols, Wu et
al. [48] further examined the effect of electron irradiation on these systems and
added interesting findings to the overall picture: A SAM of 1-octadecanethiol
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(ODT) on Au(111) has an irradiation dose-depending transition from a negative
to a positive electron resist. In figure 7.2 a scheme of the resist behavior and
the corresponding AFM images including depth profiles are given. It was found
that a dose of around D ∼ (8− 10) mC cm−2 with an energy of E = 50 eV
is sufficient to cause the transition. At lower doses the SAM forms a dense
network better protecting the underlying gold substrate during the wet etch-
ing procedure than the pristine molecular film. Consequently, the AFM image
shows that the etching occurred preferably in the shielded areas. Further ir-
radiation above the transition dose leads to decomposition of the ODT and a
partial desorption. A disordered and loosely cross-linked network, which can-
not prevent the etching solution from reaching the substrate, results. The edge
between the elevated, shielded and SAM-protected area and the irradiated and
etched region can be clearly seen in the AFM image. An attempt to detach
the irradiated SAMs to examine the formation of a carbon nanomembrane has
not been made.
Hamoudi et al. [146] demonstrated that the longer the alkyl chain of the

precursor molecule, the more prevails the species’ decomposition upon irradi-
ation over the desorption. Compounds with shorter alkyl chains mainly leave
the system as the entire molecule, whereas species with longer alkyl chains de-
compose to a certain extend, forming new intermolecular bonds with captured
fragments (branching). An idea about the mechanism of the electron-induced
structural changes was proposed by Zhou et al. [49]. The cross-linking of ad-
jacent carbon chains and the appearance of unsaturated carbon-carbon bonds
would be caused by a combination of the release of atomic hydrogen and the
uptake of electrons. The effect of the electron’s primary energy and the dose
on the self-assembled monolayer was studied by Schmidt et al. [50] in 2019
using SAMs of the aliphatic DDT as a test system. It was determined that the
thickness of the remaining material asymptotically decreases with increasing
dose, reaching a saturation value. The saturation value itself increases expo-
nentially with higher primary energies revealing a constant value at energies
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above E = 100 eV. The reported behaviors were explained by the balance be-
tween destructive processes and cross-linking. Most important is the drawn
conclusion that the higher the irradiation dose, the more cross-linked the car-
bon network becomes, allowing no mass transport or desorption of fragments
anymore. The transformation of the pristine SAM was best described by the
authors themselves, proposing “a ‘sealed’, extensively cross-linked, chemically
inhomogeneous hydrocarbon film” (reprinted with permission from Schmidt et
al. [50]. Copyright 2019 American Chemical Society.), which is basically a
generalized definition of a carbon nanomembrane. Unfortunately, the publica-
tion lacks the ultimate proof by fabricating a free-standing specimen due to
the purely spectroscopic investigation.
However, although there are indications for the formation of CNMs by using

cycloaliphatic or aliphatic precursor molecules, no evidencing reports have been
published so far. Because of the preliminary studies on cycloaliphatic systems
the fabrication of a free-standing CNM is not hard to imagine, but the available
literature is inconclusive concerning aliphatic systems. Thus, it is still unclear
whether it is possible to fabricate carbon nanomembranes from such SAMs.
The motivation of the following investigations is to provide an answer to the
arisen question utilizing alkanethiol monolayers. A successful realization would
extend the range of the commercially available molecular building blocks, al-
lowing to screen for custom-made carbon nanomembranes which exhibit the
desired properties of interest.

7.2. Fundamental Feasibility Check

In order to find out whether the fabrication of carbon nanomembranes from
alkanethiol monolayers is possible or not, self-assembled monolayers on Au(111)
made from alkanethiols of different lengths were prepared. The general chem-
ical structure of a linear alkanethiol is HS-(CH2)n-1-CH3 with n representing
the total number of the alkyl chain’s carbon atoms. In this study the com-
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7. Carbon Nanomembranes from Alkanethiol Monolayers

pounds 1-dodecanethiol (DDT), 1-tetradecanethiol (TDT), 1-hexadecanethiol
(HDT), 1-octadecanethiol (ODT) and 1-docosanethiol (DST) were used as pre-
cursor molecules having an overall number of carbon atoms n = 12, 14, 16, 18
and 22, respectively. The production of the utilized samples is given in de-
tail in appendix B. The prepared SAMs have been analyzed by XPS and were
subsequently irradiated with low energy electrons in the same system under
ultra-high vacuum conditions to study its effect on the self-assembled mono-
layer. The irradiation should lead to a rearrangement of the carbon network
similar to carbon nanomembranes. For that reason the data were labeled as
CNM. To ensure the comparability to the aromatic systems the standard dose
of D = 50 mC cm−2 was chosen, using an energy of E = 50 eV. The specimen
was afterwards again analyzed by XPS. Typical XP spectra of the alkanethiol
monolayers before and after the electron irradiation are shown in figure 7.3a
using the example of ODT.
For the SAM a narrow C1s peak at ∼ 284.9 eV can be observed, which is

characteristic for the sp3-hybridized carbon alkyl chain. The spectrum of the
sulfur region nicely shows a doublet originating at ∼ 162.1 eV with an en-
ergy separation of ∆E = 1.2 eV. The doublet validates the presence of sulfur
gold bonds. Furthermore, a small amount of oxygen is detectable, which can
be attributed to oxygen-containing adsorbates like water or carbon dioxide on
the SAM due to the wet chemical assembly process and to the exposure to
ambient air. After the irradiation procedure the oxygen as well as the sul-
fur peak decrease. Interestingly, the scan of the S2p region reveals a slight
shift to higher binding energies but no significant broadening as for the aro-
matic systems. An explanation for this could be the direct desorption of the
molecules and the branching yielding thioether moieties. The adsorbates in
the O1s spectrum were released from the surface due to the fragmentation of
the precursor molecule. The carbon loss can be clearly seen in the detailed
C1s scan. The peak itself broadens and is shifted to lower binding energies at
∼ 284.3 eV, indicating a change of the carbon network with a higher amount
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7.2. Fundamental Feasibility Check

of sp2-hybridized carbon. The particular values for the different SAMs are
displayed in figure 7.3b. Independent from the length of the alkyl chain the
former pure sp3-hybridized monolayers having all a mixture of sp3- and sp2-
hybridized carbon after the irradiation. The deconvolution of the C1s peak
into the differently hybridized species reveal that the sp2-hybridized carbon’s
ratio prevails with increasing length of the precursor molecule. The amount
rises from ∼ 65% for the DDT (C12) over ∼ 75% for the TDT (C14) and
seemingly saturates for even longer alkyl chains (C>16) at a value of around
∼ 83%.
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Figure 7.3.: (a) Typical XP spectra in the regions of oxygen, carbon and sulfur of a SAM
made of an alkanethiol monolayer and the resulting CNM after the irradia-
tion with low energy electrons under ultra-high vacuum conditions. The data
shown exemplary correspond to a 1-octadecanethiol (ODT) SAM and CNM.
(b) C1s peak positions of an alkanthiol SAM following the general formula HS-
(CH2)n-1-CH3 and of the respective CNM extracted from the XP spectra. The
benchmarks of the hybridization are taken from the literature [149].

The thicknesses of the self-assembled monolayers were determined by the
attenuation of the gold signal. During the performed investigations the in-
tensity of the X-ray source changed over time, which is shown in figure 7.4a.
Over a time period of around ∆t = 10 h the intensity increased by 12%, which
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7. Carbon Nanomembranes from Alkanethiol Monolayers

would cause an error of up to ∼ 35% in the calculated thickness if only one
gold reference would have been measured at the beginning or at the end of the
experiments. For that reason it was important to measure the gold reference
multiple times close to the respective specimen. In figure 7.4b the determined
thicknesses are displayed. As known from the literature the thickness of the
SAM roughly depends on the length of the used precursor molecule. The pro-
gram Chem3D Professional 16.0.1.4 [159] was used to estimate the size of each
alkanethiol from the sulfur atom to the last carbon atom. A linear depen-
dence between the number of carbon atoms in the alkyl chain of the precursor
molecule and the thickness can be seen. The thicknesses of the SAMs derived
from the experimental data are shown in orange following the same linear trend
as expected.
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Figure 7.4.: (a) Time-dependent Au4f7/2 intensity of a clean gold reference with a curve
shape according to y = A1 exp(x/t1) + y0. (b) Determined thicknesses of the
SAMs (orange) made from alkanethiol monolayers of different lengths. The gen-
eral chemical structure is shown with n as the total number of carbon atoms
of the alkyl chain. The thicknesses of the SAMs (black) were estimated using
Chem3D Professional 16.0.1.4 [159]. Linear relations between n and the SAM’s
thicknesses are displayed. The values of the specimens after the electron ir-
radiation under ultra-high vacuum conditions are shown in blue. (c) Relative
amount of carbon which remained on the surface after the irradiation as a
function of the length of the alkyl chain.
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The values are always smaller compared to the estimated sizes with a de-
viation of around 13%, but still agree well with the predictions. An expla-
nation for this is the tilting of the alkanethiols on the gold surface when the
self-assembled monolayer is formed, which was not taken into account for the
computer prediction. After the electron irradiation the determined thicknesses
(blue) significantly decrease due to the irradiation damage. Consequently, the
attenuation of the gold signal is in all cases less than before. This can be at-
tributed to the fragmentation and material loss from the surface. Additionally,
the formation of a loosely cross-linked carbon network could occur. Due to
the change in the IMFP, which is assumed to remain constant for the SAM
and CNM, the determination suffers from some inaccuracies. Nevertheless, it
can be stated that the longer the alkyl chain, the less is the reduction of the
thickness. Thicknesses of around one nanometer are reported for stable carbon
nanomembranes. Only for the shortest alkanethiol DDT (C12) the thickness
is far below this reference value having a value of only d ∼ 0.4 nm. On that
basis it was expected that a detachable and stable monomolecularly film can
be fabricated using precursor molecules with at least fourteen carbon atoms in
the alkyl chain. The precise values of the remaining carbon amount are shown
in figure 7.4c. DDT lost two-third of its carbon, whereas the loss decreases
down to two-fifth for DST (C22). This observation indicates that longer alkyl
chains with more carbon material prevent fragments from the desorption of
the surface by capturing them into the carbon matrix. The same behavior was
reported by Hamoudi et al. [146] who compared self-assembled monolayers
made of C6 and C12 alkanethiol precursor molecules.

The spectroscopic analysis strongly suggests a rearrangement of the SAM’s
carbon network. An ultimate proof whether the change in hybridization re-
sulted in the formation of a stable carbon nanomembrane or simply indicated
the destructive fragmentation of the monolayer is provided by transferring the
irradiated sample onto a TEM grid in order to fabricate a free-standing speci-
men. In figure 7.5a the irradiation procedure of a mounted sample is schemat-
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7. Carbon Nanomembranes from Alkanethiol Monolayers

ically shown. The periphery of the specimen is shielded due to the design of
the XPS sample holder so that no electrons will reach the underlying SAM.
The electron gun of the system was calibrated in advance for each of the alka-
nethiol monolayers ensuring the precise knowledge of the applied dose. An
average dose of D = 50 mC cm−2 was utilized for the complete sample result-
ing in several local doses as displayed in a typical dose map in figure 7.5b. It
can be seen that some areas exhibit twice the average dose (top left), whereas
others have values which are below the intended one (top and bottom right).
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Figure 7.5.: (a) Schematic depiction (side view) of the electron irradiation in the XPS sys-
tem. (b) Calibrated dose map with doses in mC cm−2 used for the electron
irradiation of an ODT specimen in the XPS system under ultra-high vacuum
conditions utilizing an average dose of D = 50 mC cm−2. Areas with local
doses lower than the average dose (yellow) appear more bluish, whereas the
ones with a higher one are more reddish. (c) Photography of the irradiated
ODT specimen after the coating with PMMA. (d) Optical microscopy image
of the sample’s periphery.
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The irradiated specimen needs to be stabilized by PMMA for the transfer
procedure. It was found that the polymer exclusively adheres on the irradi-
ated regions, where the light pink shimmer corresponds to the PMMA. Using
ODT as a typical example, a photography and an optical microscopy image
of the spin-coated sample are given in figure 7.5c and d, respectively. The
shielded areas and thus the SAM are too hydrophobic, preventing the adhesion
of the solvated polymer. This hypothesis is strengthened by the appearance
of spherical droplets indicating its spin-off directly after the formation on the
hydrophobic surface. For ODT monolayers it is known that they become more
hydrophilic [48] when they are irradiated with electrons. The spin-coating of
PMMA should be benefited in these areas. The dose map of (b) corresponds
well with the coated regions, validating the mentioned hypothesis. It can be
nicely seen that the areas with local doses below the average dose (c, bottom
left corner) repel the polymer, whereas the irradiated regions are covered by
the PMMA. Consequently, an inspection by eye after the spin-coating process
facilitates the verification of the change in the carbon network revealing SAM
and CNM areas.

The spin-coated samples were transferred onto quantifoil multi A holey car-
bon film grids to fabricate free-standing carbon nanomembranes. The imaging
was done by using an helium ion microscope in the dark field transmission
mode. In figure 7.6 a low magnification image of each alkanethiol is provided.
It is obvious that a transferable carbon membrane can be formed starting with
a overall number of fourteen carbon atoms in the alkyl chain. For the shortest
alkanethiol DDT (C12) only isolated residues of a former hydrocarbon film can
be seen as the high magnification image in (b) shows. The carbon nanomem-
brane from TDT (C14) seems to be very fragile and thus ruptures very easily.
The resulting CNM is characterized by large defects all over the free-standing
areas. From HDT (C16) on no defects can be recognized at this magnification.
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(a) DDT C12

(c) TDT C14 (d) HDT C16

(e) ODT C18 (f) DST C22

(b) DDT C12
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Figure 7.6.: Low magnification HIM images (dark field transmission mode) of different alka-
nthiol monolayers which were irradiated under ultra-high vacuum conditions.
The samples were transferred onto quantifoil multi A holey carbon films. Only
for DDT a high magnification image is provided.98
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(a) TDT C14

(c) HDT C16 (d) HDT C16

(e) DST C22 (f) DST C22

(b) TDT C14
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Figure 7.7.: Series of high magnification HIM images (dark field transmission mode) of the
transferred CNMs from different alkanethiol monolayers as in figure 7.6. The
left column displays the first image of each series and the right column the last
one with the corresponding dose normalized to the dose of TDT. 99
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In figure 7.7 the corresponding high magnification images of the same samples
are displayed. The same region of a CNM was subsequently imaged multiple
times to study the stability of the membrane. The deposited doses were nor-
malized to the applied dose of TDT and written into the respective image. The
left column shows the first image and the right column the last image of the se-
ries. Smaller defects can be seen on the first HDT-image at this magnification.
For ODT, which is not shown due to space restrictions, and DST such openings
cannot be observed. Interestingly, the bright areas, which are assumed to be
regions of higher carbon density, do not appear for the DST (C22). The reason
for the appearance could not be clarified in the present thesis. The applied
dose causes the TDT membrane to collapse, whereas the HDT CNM suffers
noticeably less even at twice the dose. ODT and DST withstand the imaging
process without any visible ruptures. The taken HIM images clearly prove the
fabrication of self-supporting carbon nanomembranes from alkanethiol mono-
layers. It is noticeable that the destructive processes of fragmentation and
desorption prevail over the cross-linking in the case of DDT so that no sta-
ble CNM can be transferred. The increase of the number of carbon atoms in
the alkyl chain shifts the balance between the two competing processes towards
the constructive one, leading to an enhanced mechanical stability of the carbon
nanomembrane.
For the investigation of the membrane’s properties more samples needed to

be prepared. In terms of the CNMs’ fabrication the irradiation of the self-
assembled monolayers in the XPS system is not suitable. The electron irradi-
ation is typically performed in another system which is equipped with a FG
15/40 electron gun. The base pressure of this system is roughly three orders
of magnitude higher compared to the XPS system, allowing the deposition
of carbon contaminations from the surroundings on the sample. To exclude
the formation of a transferable membrane solely from the carbon species in-
side of the instrument control experiments have been performed. The same
procedure for the preparation and the transfer has been applied but no pre-
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cursor molecules were added to the absolute ethanol. The results are shown
in figure 7.8. Some small particles were visible after the cleaning of the gold
substrate as displayed in panel (a). However, such minor contaminations are
not present every time, indicating that the particles originate most likely from
the used glass ware and not from the used absolute ethanol.

a b

c d

500 µm

15 µm 2 µm

Figure 7.8.: (a) Photography of the cleaned gold substrate before the preparation procedure.
(b), (c), (d) HIM images (SE mode) of the transferred specimen of the control
experiment without precursor molecules. The inset in (b) shows an optical
microscopy image of the transferred and PMMA-stabilized sample.

In figure 7.8b a low magnification HIM image of the transferred specimen
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is shown. The inset provides an optical microscopy image of the same sample
before the dissolution of the PMMA coating, which exactly matches the posi-
tion and orientation of the bright area in the HIM image. One might assume
that a carbon nanomembrane is present in that region, but taking a closer look
to the panels (c) and (d) reveals only the uncovered support structure. The
contaminations from panel (a) can be identified as dark spots on the quantifoil
in panel (d). Consequently, it is not possible to form a CNM by contaminations
from the glass ware, the used solvents or the carbon residues inside the electron
irradiation chamber.

a b

c d

Figure 7.9.: Transfer of a PMMA spin-coated ODT SAM. (a) Detached specimen floating on
Millipore water. (b)/(c) Etching of the underlying gold substrate. (d) Residues
on a silicon wafer piece.
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It was further investigated whether the self-assembled monolayer itself is
stable enough to be transferred onto another support. An ODT SAM was
spin-coated with PMMA and subsequently transferred. Photographs of the
procedure are given in figure 7.9. The SAM on the gold substrate was detached
from the mica support (a) and placed onto the surface of an etching solution
(b, c) to dissolve the underlying noble metal. In panel (c) it can be seen that a
very thin film is floating on the etching solution. Based on the aforementioned
experiments, it is assumed that only an insignificant amount of PMMA covered
the thin film. On the attempt to transfer this floating film onto a silicon wafer
the fragile layer dissipates. Only residues could be captured with the transfer
wafer (d), which could not be released from its surface anymore. Even if the
SAM has been detached from the gold substrate and if it was kept together
by the negligible PMMA coating, a transfer was not successful. Thus, the
results of the performed control experiments validated that the observed carbon
nanomembranes could have originated only from the irradiated alkanethiol
monolayers.

To finalize this section an ODT SAM was irradiated with the FG 15/40 elec-
tron gun system and subsequently analyzed in order to compare its properties
with the samples which were fabricated under ultra-high vacuum conditions.
The RAIRS measurements are shown in figure 7.10a. Peaks at ν̃ ∼ 2960 cm−1

and ν̃ ∼ 2870 cm−1 as well as at ν̃ ∼ 2920 cm−1 and ν̃ ∼ 2850 cm−1, which
are typical for the asymmetric and symmetric stretching vibrations of the alkyl
chain’s methyl (-CH3) and methylene (-CH2) groups, can be observed in the
spectrum of the self-assembled monolayer. After the treatment with electrons
these vibrations were measurably weakened, but did not vanish completely. The
data agree with the previous experiments, demonstrating the rearrangement of
the alkanethiol SAM into an amorphous carbon network with a mixture of
sp2- and sp3-hybridized carbon atoms. The XP spectra of the oxygen, carbon
and sulfur regions of the ODT CNM are provided in figure 7.10b. The higher
amount of oxygen and the asymmetric shape of the C1s peak compared to the
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data in figure 7.3a are striking. The carbon peak of the sp3/sp2-hybridized
network with the main contribution at ∼ 284.3 eV broadens towards higher
binding energies. Together with the higher oxygen content on the sample it is
most likely that the energetically higher carbon species are oxidized. Besides
that, the presence of oxygen-containing carbonaceous adsorbates cannot be ex-
cluded. The sulfur scan is in principle similar to the one in figure 7.3a, but the
signal-to-noise ratio is worse due to the increased attenuation of the ejected
electrons within the thicker layer. The analysis of the gold signal’s attenuation
reveals a membrane thickness of d ∼ 1.6 nm. This is around ∆d ∼ 0.5 nm
thicker than the specimen which was irradiated in the XPS system. However,
it needs to be considered that the determined value has some uncertainty due
to the adsorbates on top of the sample so that the thickness of the carbon
nanomembrane would be overestimated.
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Figure 7.10.: (a) RAIRS measurement of the 1-octadecanethiol SAM (i) and the correspond-
ing CNM (ii) after the electron irradiation treatment within the FG 15/40
electron gun system. (b) Respective XP spectra of the carbon nanomembrane
in the regions of oxygen, carbon and sulfur.
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A free-standing specimen on a quantifoil multi A holey carbon film grid on
a TEM grid was prepared from these type of samples. AFM measurements
in contact mode (constant force) were performed. The results are given in
figure 7.11a/b. In panel (a) the SensHeight signal and in panel (b) the phase
contrast are displayed. The transferred CNM is mechanically stable and with-
stands the imaging procedure without any damages. Circular spots with a
height difference of ∆h ∼ (10 − 30) nm appear throughout the complete sam-
ple. Due to the same phase of these areas compared to the rest of the carbon
nanomembrane it is assumed that they are composed of a carbonaceous ma-
terial. The elevated regions occur in the corresponding HIM image as bright
regions. Taking a look at the ruptured elliptic orifice in panel (c) shows that
the heightened areas fold together with the CNM. However, it can be stated
that the formed carbon nanomembrane is comparable to the one in figure 7.6.

a b c

2 µm

Figure 7.11.: (a)/(b) AFM images of a free-standing ODT CNM on a quantifoil multi A
holey carbon film grid on a TEM grid measured in contact mode (constant
force). The image sizes are 10x10 µm. (a) SensHeight signal with a total
height difference of ∆h = 195 nm. (b) Phase contrast signal displayed with
an adaptive non linear color mapping. (c) Low magnification HIM image
(dark field transmission mode) of the same sample.

The preparation of carbon nanomembranes from alkanethiol monolayers was
validated in the course of this section. Spectroscopic evidence have been pro-
vided and HIM images of transferred specimens showed self-supporting, free-
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standing CNMs. Major contributions from contaminations during the fabrica-
tion of the carbon nanomembrane have been excluded and it was shown that
the electron irradiation at higher pressures does not significantly affect the
formation of the resulting CNM.

7.3. Detailed Study of 1-Octadecanethiol (ODT)

To characterize the carbon nanomembranes from alkanethiol monolayers the
membranes which originate from the precursor molecule 1-octadecanethiol
(ODT, C18) were chosen to be an appropriate model system. The following
section will explore the mechanical properties, the topography and the per-
meation behavior in detail. Among the macroscopic non-defective CNMs the
fabrication of ODT specimens from an ethanolic solution is comparably sim-
ple, whereas the conditions for the preparation of DST (C22) monolayers has
some potential to be optimized. The detailed description of the used samples is
provided in appendix B. However, more important is the comparability of the
obtained results to previous investigations. Up to now, the carbon nanomem-
branes made from 1,1’,4’,1”-terphenyl-4-thiol (TPT) are studied the most and
the properties of these CNMs are well-known. Both precursor molecules TPT
and ODT have the same number of carbon atoms, which allows the direct
comparison of the different chemical structures on the resulting CNM.
The mechanical properties of the ODT samples were explored by employing

the bulge test method. Due to an applied pressure a free-standing specimen
bulges to a certain extend, which can be monitored by the deflection of the AFM
cantilever. The Young’s modulus E and the residual stress σ0 can be derived
from the resulting pressure-deflection curve using the Beam’s equation (4.1).
A typical example is shown in figure 7.12a demonstrating the applicability of
the model to describe the experimental data.
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Figure 7.12.: (a) Bulge test: Typical pressure-deflection curve of an ODT sample. The
data were fitted according to the Beam’s equation (4.1) to extract the Young’s
modulus E and the residual stress σ0. (b)/(c) Derived mechanical properties
of the measurement series displayed with the respective average value.

In figure 7.12b/c the extracted mechanical properties of the measurements
series are provided. It can be seen that the values do not only differ between
different samples but also deviate within the same one. The obtained results
roughly scatter within one order of magnitude, which is known to be a typic
range for carbon nanomembranes. The mean values of the Young’s modulus
and the residual stress are Ē = (592± 151) MPa and σ̄0 = (24± 5) MPa,
respectively. The standard error of mean was used for the error estimation. The
residual stress is in the same range as for other CNMs reported by Zhang et al.
[23]. Lower values of the residual stress were explained by an interplay of the
structural-dependent agility during the cross-linking process and the existence
of pores, which prevails in the case of less densely packed SAMs. ODT forms
a densely packed monolayer and has an aliphatic hydrocarbon chain ensuring
a high degree of freedom. Nevertheless, its residual stress is about eight times
higher compared to the value of TPT, which consists of more rigid aromatic
rings. As a consequence, the pores’ geometry and distribution need to be
different. HIM images of an ODT specimen after the bulge test are given in
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figure 7.13a/b proving the presence of an intact carbon nanomembrane over
the orifice. Even at higher magnifications no nanopores could be observed.
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Figure 7.13.: (a)/(b) HIM images (SE mode) of an ODT sample after the bulge test. (c)
Comparison of the obtained Young’s modulus E with ranges of Young’s moduli
of liposomes [172, 173], viruses [174–180], carbon nanomembranes [23, 70] and
dense 2D materials [181–183].

The Young’s modulus is compared to other materials in figure 7.13c. The
porous carbon nanomembranes from oligophenylthiols have Young’s moduli of
E ∼ 10 GPa, which is around two orders of magnitude lower than the ones of
dense and rigid 2D materials like graphene. Biological membranes are compa-
rably soft and the Young’s moduli of liposomes or viruses are in the megapascal
range. The ODT CNM counts to the class of porous 2D materials but shows
a Young’s modulus which is about seventeen times lower than other carbon
nanomembranes. Thus, it is rather situated in the same range as biological
membranes. An explanation for this finding would be that the alkyl chains have

108



7.3. Detailed Study of 1-Octadecanethiol (ODT)

on the one hand enough rotational freedom to cross-link with other precursor’s
chains but on the other hand cannot form a network as dense as the aromatic
systems due to the enhanced carbon loss. The resulting carbon nanomembrane
would exhibit a spiderweb-like structure where the self-supporting membrane
is comparably soft but still mechanically stable.

In the next step, the permeation of water through the ODT CNM was inves-
tigated. Gravimetric analyses using the improved cup design were employed
to derive the water permeance. In this way the accessible area could be de-
termined before and after the measurements and ensure the cleanliness and
intactness of the specimens. To guarantee the reliability of the obtained data
the developed design was trialed in advance by using a closed silicon nitride
window without any openings. In figure 7.14a the mounting of a sample is
shown. It turned out that it is important to carefully tighten the socket head
screws one after the other in consecutive order to avoid the breaking of the sil-
icon chip. Teflon and copper gaskets were utilized to seal the containers, which
were filled with Millipore water. The leakage test was performed in a Mem-
mert UF 110PLUS oven at a temperature of T = (30.4±0.4) ◦C and under a low
relative humidity environment of RH = (20±2) % inside of the oven. After a
certain time period the cups have been allowed to reach room temperature and
were weighed four times. Additionally solid reference weights were weighed to
estimate the accuracy of the determined masses, because these should neither
loose nor gain weight. The evaluation of the reference data allows to determine
how accurately the masses can be reproduced. The daily average value of each
cup was calculated and all daily average values were averaged again to deter-
mine the overall average value. The deviation of the daily average masses to the
overall average is exemplarily shown for the Teflon gaskets in figure 7.14b with
the respective standard deviations. The last data point was taken after one
day under ambient conditions to exclude temperature effects on the obtained
values due to insufficient cooling times.
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Figure 7.14.: (a) Sample for the gravimetric analysis mounted on the improved cup design
by the aid of a three-jaw chuck. (b) Leakage test with a Teflon-sealed and
closed specimen filled with Millipore water. The difference to the overall
average with the respective standard deviation is shown. The black lines
indicate the fluctuations’ range of solid reference weights. (c) Copper gasket
after the leakage test with Millipore water. The red arrow points towards the
corroded darker regions.

The black lines limit the range of the deviations of the solid reference weights
determining the accuracy of the balance to be ∆m = ± 10 µg under the used
conditions. It is obvious to see that the acquired sample masses lie within the
balance’s accuracy window. Consequently, no mass loss occurred over a time
period of two weeks, proving the tightness of the developed design for Millipore
water. The values for the copper gasket are similar. However, in the case of
Millipore water the copper ring corroded as it is displayed in figure 7.14c. It
is clearly visible where the sealing separated the outside from the inside of
the container. Although Teflon turned out to be the material of choice, the
new cup design can in principle be used with copper gaskets. This might be
advantageous for other liquids which may be incompatible with Teflon. In
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any case, an additional leakage test needs to be performed to validate the
applicability of the design for the compound under investigation.

The gravimetric analysis of the specimen covered by an ODT CNM was per-
formed in the same manner. The containers were stored for seven days under
the controlled environment. Each cup was measured three times. The water
permeance P was calculated using equation (4.3). The precise values of the
sample area were obtained from HIM images taken in the transmission mode.
In figure 7.15a an image of an ODT carbon nanomembrane after the cup test
is provided. Besides the typical pattern of the ODT CNM, some darker areas,
for instance around the rim, can be seen. Most likely carbon contaminations
from the ambient air are responsible for these regions. Nevertheless, the HIM
image reveals an intact carbon nanomembrane covering the orifice of the silicon
nitride window. The derived water permeances are displayed in figure 7.15b.
The CNM-covered samples could be divided into intact and defective speci-
mens. The latter ones show permeances in the same range as the non-covered
reference cups. The samples considered as intact have water permeances which
are on average seven times lower compared to the defective and reference sam-
ples. The overall yield of intact specimens was 69% resulting in an average
permeance of P̄ (H2O) = (4.30± 1.07) · 10−4 mol m−2 s−1 Pa−1. The standard
deviation was used for the error estimation. Compared to the outstanding wa-
ter permeance of TPT CNMs [8] the carbon nanomembranes made from ODT
monolayers show a permeance which is even higher by a factor of four. The
finding indicates the existence of a highly porous membrane, which was already
suggested by the bulge tests. A high permeance is in most cases accompanied
by a lack of selectivity. Thinking about the membrane’s potential applica-
tion for separation processes, the ability to reject certain compounds needed
to be characterized. In order to determine the selectivity of one and the same
membrane, gas permeation measurements of free-standing ODT CNMs were
conducted.
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Figure 7.15.: (a) HIM image (transmission mode) of an ODT sample after the gravimet-
ric analysis (∼ 7 d). (b) Derived water permeances from the mass loss ex-
periments. The black bars represent specimens covered by an ODT CNM,
whereas the white bars correspond to open orifices. The average value of the
intact samples is written in the graph and displayed as a horizontal line.

The samples have been glued on a copper disc, which simultaneously acted
as a gasket for the vacuum apparatus. A certain amount of gas or vapor was
introduced into the feed side. The permeating species were detected by a mass
spectrometer. The quality and intactness of the specimen have been checked
after the permeation measurements by helium ion microscopy, guaranteeing
the reliability of the acquired data. An example of a clearly broken specimen
can be seen in figure 7.16a. The ruptured and folded ODT CNM is visible
at the rim of the orifice. The fabrication of intact samples could be achieved
with a yield of 50%. Several gases and (organic) vapors of different sizes were
tested. Typical results are provided in figure 7.16b/c. The permeances were
plotted as a function of the inserve square root of the molar mass in panel (b).
The gaseous species follow the prediction of the Knudsen diffusion, whereas
the (organic) vapors differ from the ideal curve with heavy water as the most
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prominent compound. This observation most likely originates from the fact
that the vapors are able to condense at the membrane’s surface, which allows
additional lateral diffusion to the pores, enhancing the permeation through the
carbon nanomembrane. In panel (c) the different permeances through the ODT
CNM are compared to obtained data from previous studies on TPT CNMs.
Four ODT samples were averaged to obtain the average permeance, which is
shown with the standard error of mean. TPT represents the prototype of a
highly selective carbon nanomembrane, which allows only helium and heavy
water to pass through the membrane. All other compounds were rejected.
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Figure 7.16.: (a) HIM image (transmission mode) of a broken ODT CNM after the gas
permeation measurement. (b) Permeances of different gases and (organic)
vapors through an ODT CNM as a function of the inverse square root of
the molar mass. The Knudsen relation is plotted as a reference line. (c)
Permeances of the compounds used in (b) through ODT and TPT CNMs.
Four ODT CNMs were averaged and displayed with the standard error of
mean. The values for the TPT CNM were taken from the literature [8, 41].

In the case of ODT all species under investigation were able to permeate
through the CNM. The gas permeation measurement shows that, in contrast
to the TPT CNM, the carbon nanomembrane prepared from 1-octadecanethiol
is not selective. The lack of selectivity indicates a broader average size of
the carbon nanomembrane’s pores, enabling the transport of larger molecules
through the CNM. To investigate the membrane’s structure AFM images were
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taken. A pristine ODT SAM was measured, in-situ irradiated with electrons
and imaged again to monitor the structural changes.

b STM: DDT @ Au(111)a AFM: ODT @ Au(111)

Figure 7.17.: (a) AFM image of an ODT specimen on Au(111) displayed with an adaptive
non linear color mapping. The measurements were done at T = 90 K in the
non-contact mode under ultra-high vacuum conditions. (b) STM image of
a 1-dodecanethiol monolayer on Au(111), which was annealed at T ∼ 85◦C
during 20min. Panel (b) was reprinted and adapted with permission from
Schoenenberger et al. [184]. Copyright 1995 American Chemical Society.
Both images have a size of 100 x 65 nm.

The self-assembled monolayer was measured at a temperature of T = 90 K
under ultra-high vacuum conditions. The resulting AFM image is given in fig-
ure 7.17a. A typical STM measurement of an annealed alkanethiol SAM on
Au(111) using 1-dodecanethiol as an example is shown in panel (b) for com-
parison. Despite the fact that the obtained AFM image is more blurry, the
characteristic surface of a SAM with its different domains and depressions can
be observed. The structures are comparable with the STM image, proving
the formation of a self-assembled monolayer of ODT on the substrate. In fig-
ure 7.18a a higher magnification scan of the SAM is shown. Although measured
at low temperatures and under ultra-high vacuum conditions, it was challeng-
ing to obtain a clear image because of the high mobility of the alkyl chains.
Nevertheless, the ordered arrangement of the precursor molecules can be seen
as indicated by the yellow lines. A line scan, which is provided in detail in
panel (b), reveals an intermolecular distance of around d ∼ 0.42 nm. It is
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known that SAMs of alkanethiols on Au(111) have a
(√

3
√

3
)
R30 ◦ unit cell

[185] for which a schematic depiction is given in figure 7.18c. The edge length
of this arrangement has a value of around d ∼ 0.43 nm. The observed distance
agrees very well with the theoretical one, validating further the presence of an
1-octadecanethiol monolayer.

5

a
b

c

Figure 7.18.: (a) UHV-AFM image (non-contact mode) of an ODT SAM on Au(111) at
T = 90 K. The yellow lines indicate alignment of the ordered molecular struc-
ture. The red arrows mark the points of the line profile, which is shown in
panel (b). (c) Schematic illustration of a

(√
3
√

3
)
R30 ◦ unit cell on Au(111).

Reprinted with permission of Niklas Biere, Experimental Biophysics & Ap-
plied Nanoscience at Bielefeld University, 2020.

As mentioned in the previous section bright spots can be seen on a transferred
specimen imaged with a HIM. The hypothesis that they were caused by residues
of PMMA during the transfer procedure could be disproved by the taken AFM
images of the pristine ODT SAM, where these features are already present
directly after the formation of the self-assembled monolayer. In figure 7.19a a
low magnification scan shows the same bright features as they appear in the
HIM images of a free-standing sample. An extract of such an image is given in
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panel (b) for comparison. The AFM image was scaled to the same dimensions
and inserted as an inset into the HIM image, revealing that the elevated regions
are comparable with the detected bright spots. The height of those features is
around ∆h ∼ 10 nm.

a

b

scalin
g

500 nm

Figure 7.19.: (a) UHV-AFM image (non-contact mode) of an ODT SAM on Au(111) at
T = 90 K. The image size is 800 x 400 nm with a total height difference of
∆h ∼ 10 nm. (b) HIM image (dark field transmission mode) of a transferred
ODT CNM displayed with an inset of the AFM image shown in (a). The inset
has been adapted to the same scale as the HIM image.

Hypotheses on the origin of these features are the clustering of precursor
molecules or the deposition of carbonaceous contaminations during the prepa-
ration procedure from the utilized solvents or glass ware. The deviation in the
height difference between the SAM and free-standing CNM measurements (cf.
figure 7.11) could be caused by the favorable deposition of contaminations onto
the elevated areas during the electron irradiation. However, the definite reason
for the appearance of the features could not be identified in the present thesis.
The pristine ODT SAM was irradiated inside of the AFM system over a

time period of thirty minutes with electrons having an energy of E = 100 eV.
The irradiated specimen was subsequently imaged at room temperature using
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the tapping mode. In figure 7.20a the respective AFM image is shown and
compared to a similar image of a TPT specimen in panel (b). The structural
change of the surface in comparison to the pristine SAM is obvious to see. The
former self-assembled monolayer was converted into a heterogeneous network.
Taking a closer look at the elevated areas one could assume a spiderweb-like
arrangement. The ODT CNM has in principle a similar surface structure com-
pared to the displayed TPT sample, but it is clear to see that the imaging
conditions were better in the case of the ODT specimen and this is why the
taken AFM image exhibits a sharper definition of the depressions. The line
profiles in figure 7.20c exemplarily illustrate the height difference of the ob-
served depressions. The depressions of four different sample positions at dif-
ferent magnifications were marked and considered for the evaluation of the
depression distribution, which is shown in panel (d). For the evaluation the
equivalent diameter, which assumes a circular area of the depression, was used.
The distribution of the TPT CNM is provided for comparison. The range of the
equivalent diameter for the ODT CNM can be described by an asymmetrical
distribution function, whereas it follows a Gaussian distribution in the case of
TPT. The average equivalent depression diameters do not differ much from each
other. The TPT specimen exhibits an average diameter of d̄eq = (7± 1)Å. The
value of the investigated ODT sample is d̄eq = (8± 3)Å for which the standard
deviation already indicates a broader size distribution. The carbon density of
a SAM can be calculated from the space per molecule inside the unit cell (area
per molecule) and the amount of carbon per molecule. The carbon density of
the CNM can be estimated by the product of the SAM’s carbon density and
the remaining carbon on the surface. The latter value was obtained from the
reduction of the carbon signal during XPS measurements. Taking the respec-
tive values from the literature [7, 185, 186] and from the previous experiments
leads to a lower carbon density of an ODT CNM of at least ∼ 23% compared
to carbon nanomembranes made of TPT precursor molecules.
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Figure 7.20.: (a) AFM image of an irradiated ODT specimen. The measurement was per-
formed under ultra-high vacuum conditions at room temperature employing
the tapping mode. The pristine SAM was irradiated over thirty minutes with
electrons having an energy of E = 100 eV. (b) AFM image of an irradi-
ated TPT sample imaged at T = 93 K under similar conditions. Reprinted
and adapted with permission from Yang et al. [8]. Copyright 2018 American
Chemical Society. (c) Height profiles corresponding to the white lines in panel
(a). (d) Depression distribution with respective distribution functions (TPT:
Gaussian; ODT: Weibull) as a guide for the eye. The data for TPT have
been taken from the literature [8]. The values for ODT were derived from the
measured ODT sample extracted from the analysis of four different sample
positions at different magnifications.
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Nevertheless, the depression density of an ODT CNM was determined to be
in the same range of a TPT membrane having a value of ∼ 10−18 m−2 [8]. This
consequently yields a more porous ODT CNM.

The porosity of an ODT carbon nanomembrane was estimated to be around
∼ (38− 45)%. None of the observed depressions of TPT have a diameter
which is bigger than d̄eq > 11Å. The narrow distribution was proven to be
the reason for the high selectivity of the TPT CNM. [8] The obtained results
for ODT demonstrated that the CNM is not selective, which was assumed
to originate from bigger pores. The AFM data point out that 18% of the
depressions have an equivalent diameter of at least d̄eq > 11Å and the largest
observed depression has equivalent diameter of d̄eq ∼ 20Å. This fraction would
also allow larger species to pass through the carbon nanomembrane and would
dominate the permeation property of the ODT CNM under the assumption
that the obtained depression distribution really represents the situation of a
free-standing specimen. To verify this hypothesis ODT specimens have been
transferred onto supportive grid structures to fabricate free-standing sample
regions and TEM measurements were performed.
Due to temporary issues in the fabrication process of the CNM, the successful

fabrication was verified directly in advance of the TEM investigations through
the imaging with a SEM. One sample was taken from a batch of transferred
specimens to check the quality of the carbon nanomembrane. In figure 7.21a
an optical microscopy image of such a PMMA-stabilized ODT specimen is
shown. The same sample was imaged after the solvation of PMMA by acetone
by a SEM as shown in panel (b). The position and orientation of the CNM
exactly matches the optical microscopy image, proving the formation of a self-
supporting CNM. It was assumed that the rest of the batch exhibits the same
quality. A detailed check of every specimen was not done to avoid the modifi-
cation of the samples by electrons due to the imaging process. Three samples
with eleven different sample areas at different magnifications were analyzed. A
typical TEM image is provided in figure 7.21c.
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Figure 7.21.: (a) Optical microscopy image of a PMMA-coated and transferred ODT spec-
imen. (b) SEM image of the same sample. (c) Typical TEM image of an
ODT’s free-standing area. The white circle visualizes the location of a pore.
(d) Determined pore distribution of ODT CNMs extracted from the TEM
images (V = 80 kV) with a respective distribution function as a guide for the
eye. In total three samples with eleven different sample areas at different
magnifications were taken into account. Equivalent pore diameters smaller
than d̄eq < 8Å could not be resolved.

An amorphous membrane with intrinsic pores can be identified. The inserted
white circle exemplarily illustrates the position of a pore. It was ensured that
the imaging process with the used magnifications did not affect the specimen
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itself. An area was imaged once and the diameter of one certain pore was
measured. The same spot was measured over two minutes and the diameter
of the same pore matched the previously determined value. The distribution
of the analyzed pores is given in panel (d). Equivalent pore diameters smaller
than d̄eq < 8Å were not accessible due to the utilized magnification factor
and the stability of the carbon nanomembrane. The distribution follows an
asymmetric distribution function and has an average equivalent pore diameter
of d̄eq = (22± 7)Å. Compared to the results of the AFM investigations, which
were shown in figure 7.20d, the average diameter is roughly three times larger
and pores with openings up to d̄eq = 60Å are observable. The increase of
the equivalent pore diameter after the transfer procedure could be attributed
to the applied mechanical stress, which led to a widening of the comparably
soft carbon nanomembrane. A minimal pore density of ∼ 10−16 m−2, which
is two orders of magnitude lower compared to the depression density, was es-
timated from the data. Explanations would be on the one hand a merging
process where several small pores fuse to bigger pores during the transfer pro-
cess across the complete specimen, leading to a reduced density. On the other
hand smaller openings were not detectable causing a deviation to the real value.
The porosity was determined to be around ∼ (18− 29)%. However, the TEM
measurements reveal a broad pore distribution of free-standing ODT CNMs as
it was already expected from the exploration of the permeation behavior and
which is in agreement to the non-selective behavior compared to TPT carbon
nanomembranes.
It was shown that self-assembled monolayers from 1-octadecanethiol (ODT)

form comparably soft, highly permeable, but non-selective carbon nanomem-
branes with a broad pore distribution. The aliphatic chain is less stable during
the cross-linking procedure compared to their aromatic counterpart TPT caus-
ing the formation of a porous and relatively open network. For this study the
standard electron dose of D = 50 mC cm−2 was chosen facilitating the compar-
ison to the CNMs made form oligophenylthiols. It was found that ODT CNMs
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which were fabricated in that way are not suitable for the same kind of appli-
cation in separation processes like TPT CNMs. Wu et al. [48] reported the
negative resist behavior of ODT SAMs when exposed to low doses of electron
irradiation (D ≥ 10 mC cm−2). It would be interesting to investigate whether
free-standing CNMs could be produced from such samples. If so, it is imag-
inable that they have a narrower pore size distribution due to less material
loss and might be more selective than the studied specimens. An adjustable
permeation behavior, which depends on the applied electron dose to the SAM,
would result. Furthermore, the properties of CNMs from alkanethiols with
more than eighteen carbon atoms need to be characterized in detail. It is not
inconceivable that there is a certain length of the alkyl chain which provides
enough carbon material to form a denser and more selective CNM.

7.4. Fabrication of Mixed CNMs

Another approach to establish the alkanethiols as valuable precursor molecules
is the modification of “classical” - meaning aromatic - carbon nanomembranes.
Prior to the electron irradiation, oligophenylthiols of the SAM could be ex-
changed by alkanethiols. Altered properties of the resulting CNM are expected
due to the different response to the electron irradiation. The subsequent sec-
tion explores the last mentioned idea namely the fabrication of mixed SAMs
using self-assembled monolayers of TPT from which some precursor molecules
were exchanged by ODT.
In order to classify the properties of mixed carbon nanomembranes the corre-

sponding pristine CNMs need to be well-known. Because of this it was chosen
to fabricate mixed self-assembled monolayers from TPT and ODT. The first
one was extensively studied in the past, whereas the latter one was investigated
in the present thesis. A schematic illustration of the fabrication procedure is
given in figure 7.22a. A conventionally prepared TPT SAM on Au(111) was
immersed into a ethanolic solution of the alkanethiol.
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Figure 7.22.: (a) Schematic illustration of the mixed CNMs’ fabrication by the exchange of
the SAM’s precursor molecules. (b) Typical photography for determining the
contact angle α through the sessile drop method. (c) Millipore water contact
angles of TPT SAMs on Au(111), which were immersed into an ethanolic
ODT solution. Each sample was measured three times and the mean value
is displayed with its standard deviation. The horizontal lines represent the
contact angles for pure TPT [76] (orange) and ODT [187] (blue) SAMs taken
from the literature.

Some of the oligophenylthiol precursor molecules were exchanged by the
ODT over time leading to a mixed SAM on the gold surface. To monitor
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whether an exchange actually occurs the relatively simple determination of the
water contact angle was used.
The sessile drop method has been employed where a drop of Millipore water

was carefully placed onto the surface. A typical image is provided in figure 7.22b
schematically showing the definition of the contact angle. Each sample was
consecutively measured three times. The averaged values were displayed with
their respective standard deviation as a function of the exchange time in panel
(c). Literature values for the contact angles of the pristine SAMs were in-
serted as horizontal lines for comparison. The contact angle of the pure TPT
SAM was determined to be CA ∼ 80 ◦. A former study [76] on contact angles
found a value of CA = (86± 1) ◦. The deviation of the measured pristine TPT
SAM to the known contact angle can be explained by the age of the sample.
The TPT sample has been measured about three weeks after its fabrication,
whereas in the literature the specimen was investigated shortly after its forma-
tion. It cannot be excluded that some minor adsorbates made the TPT SAM
more hydrophilic. However, the investigation of the exchanged samples was
also not done directly after their fabrication so that at least a qualitative state-
ment can be made from the data. It was found that with increasing time in
the ethanolic ODT solution the contact angle increases. The surfaces become
more hydrophobic indicating an exchange of the TPT precursor molecules by
ODT. After a time period of nearly eight days the contact angle is CA ∼ 103 ◦

showing the growth of the fraction of ODT molecules adsorbed on the surface.
The comparison with the literature value of CA = (110± 3) ◦ [187] reveals that
the contact angles indeed approach but do not reach the value of the pristine
ODT SAM. Nevertheless, the substitution of the TPT SAM by ODT precursor
molecules can be confirmed on the basis of these findings. The data also show
that the exchange of the TPT self-assembled monolayer is comparably slow
in contrast to the reported [160] complete substitution of a nitro-terminated
biphenylthiol SAM (NBPT) by 1-octadecanethiol after five minutes under sim-
ilar experimental conditions. The obvious difference in the exchange times
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7.4. Fabrication of Mixed CNMs

needs to be directly related to the structure of the oligophenylthiol. Expla-
nations could be in the case of NBPT the increased dipole moment causing
an eased release of the molecules or in the case of TPT the additional phenyl
nucleus strengthening the intermolecular interactions and thus retarding the
exchange.

To quantify the rate of the substitution in more detail RAIRS and XPS
measurements were conducted. The two precursor molecules have different
characteristic vibrations in the infrared absorption spectrum which were used
to identify them. For the alkanethiol ODT the asymmetric stretching vibration
of its methylene (-CH2) groups at ν̃ ∼ 2920 cm−1 and for the oligophenylthiol
TPT its phenyl nucleus’ stretching vibration at ν̃ ∼ 1477 cm−1 were the most
pronounced peaks. In figure 7.23a the regions of interest of a RAIRS spectrum
of a TPT specimen which was immersed into an ethanolic ODT solution for
about ∼ 7.5 days is provided. The two characteristic peaks are clearly visi-
ble proving the existence of a mixed SAM. RAIRS measurements for different
exchange times as well as for the pristine SAMs were performed and the ab-
sorbance values of the two stretching vibrations were used to extract a ratio
between the two different precursor molecules. The resulting curve is given
in figure 7.23b. The pure SAMs do not fit to the theoretical values of zero
and one in the case of TPT and ODT, respectively. The deviation most likely
originates from some minor impurities on the surface which absorb in the same
range of the monitoring peaks. Nevertheless, the pristine values can still serve
as a benchmark. The data follow a similar trend as the contact angle mea-
surements. The longer the exchange time, the larger becomes the proportion
of ODT. Interestingly, the fraction seems to saturate after an exchange time of
∼ 4 days, indicating a stagnation of the substitution and thus an equilibrium
between the molecules’ adsorption and desorption processes.

With regard to its high surface sensitivity XPS was further employed to
evaluate the composition of the specimens. In figure 7.23c the C1s scan of the
same sample as in panel (a) is shown.

125



7. Carbon Nanomembranes from Alkanethiol Monolayers

0 3 6 9 12 15

0

20

40

60

80

100

0

20

40

60

80

100

0 2 4 6 8
0,00

0,25

0,50

0,75

1,00

3000 2850 2700 25501575 1500 1425 1350

288 285 282

a (b)

ҧ𝜈 [cm-1]

a
b

s
o

rb
a

n
c
e

 [
a

.u
.]

C1s

binding energy [eV]

in
te

n
s
it
y
 [
a

.u
.]

ҧ𝜈=
1
4
7
7
cm

−
1

alkyl

chain

(a)

ҧ𝜈=
2
9
2
0
cm

−
1

phenyl

nucleus

d

fr
a

c
ti
o

n
 (

T
P

T
) 

[%
]

fra
c
tio

n
 (O

D
T

) [%
]

exchange time [d]

c

exchange time [d]
𝐴
2
9
2
0
c
m
−
1

𝐴
1
4
7
7
c
m
−
1
+
𝐴
2
9
2
0
c
m
−
1

b
pristine ODT SAM

pristine TPT SAM

τ ~ 6.1 d

saturation

Figure 7.23.: (a) Selected regions of an exchanged TPT specimen’s RAIRS spectrum. The
sample was exchanged by ODT for about ∼ 7.5 days. The respective vibra-
tions of the different precursor molecules which were chosen for further analysis
are highlighted. (b) RAIRS absorbance ratio of the characteristic vibration
of the alkyl chain as a function of the TPT SAM’s exchange time. (c) C1s
XP spectra of the same sample as in panel (a). The peak was deconvoluted
into the contribution of the ODT and TPT precursor molecule. (d) Precursor
fractions extracted from the XPS analysis of exchanged TPT specimens with
a fitted exponential decay according to y = A1 exp(−x/t1) + y0 to estimate
the time constant t1 = τ of the exchange.
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The overall peak was deconvoluted into the contributions of the ODT and
TPT precursor molecule. The center position for each peak was obtained from
the pristine SAMs. These binding energies were fixed when fitting the carbon
peak of the mixed SAMs. The processing of the data revealed a ratio of ∼ 33%
TPT and ∼ 67% ODT for the mixed SAM, which is comparable to the ratio
derived from the RAIRS measurements. Taking a look at the proportions
of the other samples in figure 7.23d shows that there is no saturation in the
substitution of the TPT molecules during the investigated time period. Instead,
an exponential curve shape could be assumed leading to a time constant of
the exchange kinetic of τ ∼ 6.1 d. A complete substitution could not even be
achieved after two weeks. The SAM has still an amount of roughly∼ 20% of the
former TPT precursor molecules. Thus, the XPS study proved the slow kinetic
of the substitution and demonstrates that is not suitable for the determination
of the exchange kinetics in this case RAIRS. From the time constant derived by
XPS an easy control of the amount of exchanged molecules and consequently
the adjustable CNM’s properties are expected.

For the characterization of the CNMs’ properties it needed to be shown that
the mixed SAMs form stable and self-supporting carbon nanomembranes. HIM
images were taken in the dark field mode after the electron irradiation and the
subsequent transfer onto a supportive structure. In figure 7.24 and figure 7.25
the images for a mixed CNM which rested around ∼ 7 days in the ethanolic
ODT solution are provided. A low magnification image of the CNM is shown
in figure 7.24. An almost perfect coverage of the quantifoil holey carbon foil
can be seen. No macroscopic defects are detectable at higher magnification
views. This finding is in contrast to the study of Chinaryan [160] in which
nanopores could be reproducibly formed. In that study NBPT was utilized
as a precursor molecule. It might be that the nitro-terminated biphenylthiol
could not cross-link with the present ODT molecules in a proper way yielding
a porous membrane. However, the inability of ODT to form a CNM by itself is
disproved by the present thesis. Another explanation for the differing results
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could be the unintended milling of pores caused by the imaging procedure in
the secondary electron mode.

2 µm

Figure 7.24.: Low magnification HIM image (dark field transmission mode) of a mixed
CNM. The mixed SAM was fabricated by the immersion of a TPT SAM
into an ethanolic ODT solution for roughly seven days.

The stability of the mixed TPT-ODT carbon nanomembrane was tested
by the subsequent imaging of the same sample area. An image series with
sixteen images in total was measured. The first and the last image is given
in panel (a) and (b) of figure 7.25, respectively. The CNM in panel (b) shows
some scattered nanopores, which originate from the applied dose. Assuming
a circular area, the diameters of some randomly chosen pores were in a range
of maximum 15 nm. Due to the increase of carbon contaminations with each
acquired image, the carbon nanomembrane appears brighter over the course
of the series. Apart from that a robust and mechanically stable mixed CNM
could be verified.
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(b) 

150 nm

(a) 

150 nm

Figure 7.25.: High magnification HIM image (dark field transmission mode) series, with
sixteen images in total, of the same mixed CNM as in figure 7.24. First (a)
and last (b) image of the image series. The white circle exemplarily marks
induced nanopores.

The possibility to fabricate mechanically stable mixed carbon nanomem-
branes with a comparably slow exchange rate was found. Based on this out-
come and on the results of the previous section with respect to the properties
of ODT CNMs, the investigation of the permeation properties of mixed carbon
nanomembranes outlines an interesting starting point for further studies. The
determination through gas permeation measurements seems to be most appro-
priate for this purpose. The ability to investigate multiple gases and vapors
with the same specimen without touching the sample facilitates a fast screen-
ing under the same experimental conditions. As an alternative the gravimetric
anlaysis could be used to explore the water permeation first to get to know
the effect of the different immersion times. It is expected that the substitution
with ODT leads to an enhanced water permeation. On the other hand the lack
of selectivity of the ODT CNM needs to be considered, which might enable
larger species to pass through the mixed CNM. It is assumed that the amount
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of permeating species can be controlled by the proportion of exchanged TPT
precursor molecules. Another way to modify the permeation properties would
be the usage of 1-dodecanethiol (DDT, C12) as a substitution agent. As it was
shown in section 7.2 the precursor molecule is not able to form a free-standing
carbon nanomembrane and would most likely induce the formation of defects
in the resulting mixed CNM. Of course, the respective exchange kinetic of the
desired combination of precursor molecules needs to be determined in advance.
Further, the overall rate of the substitution can be promoted by applying very
low electron doses or by the usage of ultraviolet light as shown by Zharnikov
and coworkers [147, 188–190]. The latter approach additionally allows to easily
control the exchanged regions, which could lead in combination with the former
ideas to custom-made and patterned mixed CNMs.

7.5. Summary of the Chapter

This chapter focused on the question whether it is possible to fabricate car-
bon nanomembranes from alkanethiol precursor molecules and explored the
application potential of the respective CNMs.
In the first section the influence of the alkyl chain length on the formation

process of self-supporting carbon nanomembranes was investigated. Among
other results, spectroscopic evidence was provided, clearly proving the change
of the SAM’s hybridization during the electron irradiation. It was outlined
that the stability of the carbon nanomembrane depends on the amount of car-
bon material which had been available on the surface. Two distinct transitions
were found through the HIM analysis under the given experimental conditions.
SAMs from 1-dodecanethiol (DDT, C12) are not sufficient to form a stable car-
bon nanomembrane. Fragile and porous CNMs could be produced form self-
assembled monolayers of 1-tetradecanethiol (TDT, C14) and 1-hexadecanethiol
(HDT, C16). Stable carbon nanomembranes were obtained from precursor
molecules which have at least a total number of eighteen carbon atoms in
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the alkyl chain. In the present thesis 1-octadecanethiol (ODT, C18) and 1-
docosanethiol (DST, C22) were utilized. Performed control experiments dis-
proved the possibility to form a CNM, as they were observed in the course
of the experiments, from solely carbon contaminations. Consequently, it was
shown for the first time to the best of my knowledge that alkanethiols can serve
as molecular building blocks for the preparation of carbon nanomembranes.

The second section was concerned with the detailed characterization of CNMs
made of ODT precursor molecules. It was found that the carbon nanomem-
brane is mechanically stable, but rather soft compared to other CNMs. The cor-
responding Young’s modulus is Ē = (592± 151) MPa and thus similar in rigid-
ity to biological membranes. The investigation of the membrane’s permeation
behavior revealed a remarkable water permeance of
P̄ (H2O) = (4.30± 1.07) · 10−4 mol m−2 s−1 Pa−1, but it is accompanied by
a lack of selectivity so that even larger species like tetrahydrofuran or n-
hexane are able to pass through the membrane. The topographical analysis
showed a broad depression distribution on the surface having an average di-
ameter of d̄eq = (8± 3)Å. 18% of the depressions were determined to be
bigger than d̄eq > 11Å, indicating an unselective CNM. The apparent porosity
of ∼ (38− 45)% and depression density of ∼ 10−18 m−2 were in the same
range like TPT CNMs. The free-standing TEM analysis finally proved pores
up to d̄eq = 60Å and an average equivalent pore diameter of d̄eq = (22± 7)Å,
which explained the observed permeation behavior. A minimal pore density of
∼ 10−16 m−2 and a porosity of ∼ (18− 29)% could be estimated from the data.
The differing results of the depressions on the support and the free-standing
pores could be caused (i) by a large number of small pores which could not be
observed during the TEM investigation or (ii) by the fact that not all of the
depressions which were observed with the AFM are continuous. Although the
ODT carbon nanomembrane cannot be used for separation processes where the
cut-off is below six nanometer, it might be used in the field of ultrafiltration.
Furthermore, it demonstrated the opportunity to employ alkanethiol precursor
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molecules for tailoring the properties of mixed CNMs.
The last section dealt with the fabrication of mixed carbon nanomembranes

with custom-made properties. A TPT SAM served as a exemplary system and
ODT was taken as a substitution agent. Spectroscopic analyses defined the
time constant of the exchange kinetic to be around τ ∼ 6.1 d. Provided HIM
images demonstrated a self-supporting mixed CNM without any macroscopic
defects. The performed experiments provide a profound basis for future studies
on that topic.
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8. Conclusion of the Thesis

The present thesis covered three different issues, namely (i) the functional-
ization of carbon nanomembranes with an emphasis on the immobilization of
proteins, (ii) the detection of permeating species in aqueous solution through
free-standing carbon nanomembranes, and (iii) the fabrication and application
of carbon nanomembranes which were produced from self-assembled mono-
layers of alkanethiol precursor molecules. This conclusion will outline major
results. For a more detailed description it is kindly referred to the respective
summaries at the end of each chapter.

Studies on transmembrane processes involving proteins are still challenging
due to a lack of a suitable test systems. The surface of the nanometer-thin car-
bon nanomembrane could be functionalized in a proper way making the new
material an attractive template. It was found that for the coupling of proteins
to the carbon nanomembrane, comparably harsh reaction conditions for the
linker attachment are required. An efficient way to functionalize the surface is
the usage of the copper-free click chemistry involving 2-azidoacetyl chloride as
the mediator molecule and dibenzocyclooctyne derivatives which are responsi-
ble for the interaction with the protein. The shown approach to irreversibly
immobilize the proteins to the carbon nanomembrane was most promising. The
bonding occurs through the formation of a thioether moiety between the func-
tional maleimide group of the linker molecule and the cysteine moieties of the
protein. Advantages of this method are the relative short length of the result-
ing coupling structure, which in principle facilitates the possibility to perform
transmembrane FRET measurements, and the easily subclonable cysteine tag
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if the desired protein lacks of accessible moieties. The presented results can be
further deployed to investigate biological processes with the carbon nanomem-
brane as a robust model system or to explore its surface functionalization for
specific detection reactions in terms of the lab-on-a-chip design.
The characterization of the carbon nanomembrane’s selectivity is important

when thinking of its potential application in industrial separation processes.
Up to now, gravimetric analyses as well as gas permeation and ion conduc-
tance measurements were employed to define the separation ability of carbon
nanomembranes. However, it was still challenging to measure uncharged per-
meating species in the liquid phase. In the course of the present thesis the
determination of apparent diffusion coefficients in aqueous solution by using
radioactive tracers has been demonstrated. A mathematical model has been de-
veloped to extract the respective coefficients. The method was validated by ref-
erence measurements through an open orifice. The obtained apparent diffusion
coefficients matched the typical range of reported literature values. TPT car-
bon nanomembranes were chosen to serve as a test system. It turned out that
phosphorous-32 can be used as an internal control agent because the tracer was
not able to pass through the carbon nanomembrane. Surprisingly, the derived
apparent diffusion coefficients of hydrogen-3 and carbon-14 were quite similar
having values of D′3H(CNM) ∼ 10−13 m2 s−1 and D′14C(CNM) ∼ 10−12 m2 s−1,
respectively. To the best of my knowledge, it was the first time that the per-
meation through CNMs in an aqueous solution was investigated with such a
method. The results indicated neutral compounds to be the favorable car-
rier species through the carbon nanomembrane. For the carbonaceous species
carbon dioxide is believed to be the transport compound. Due to the low-
ered driving force, the apparent diffusion coefficient was determined to be
D′14CO2

(CNM) ∼ 10−11 m2 s−1. The presented approach can be applied to
study almost every radioactively labeled molecule and lays the foundation for
a systematic analysis of the separation efficiency in aqueous solution. The
prospective knowledge will contribute to advance the evaluation of the com-
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mercial application of carbon nanomembranes and modeling attempts regard-
ing the involved transport mechanisms.

Carbon nanomembranes are typically made from oligophenylthiol precursor
molecules like TPT. The higher homologous compounds or compounds with
certain functional chemical groups are often not commercially available, which
entails costly customized syntheses and limits the range of available molecular
building blocks. An alternative would be the usage of alkanethiols, but the
literature was inconclusive about the stability of those compounds during the
cross-linking procedure. Different aliphatic molecules with a variation in the
alkyl chain length were investigated to tackle this ambiguity. The results of
the HIM analysis impressively proved the formation of free-standing, but frag-
ile and porous, carbon nanomembranes from molecules with at least fourteen
carbon atoms in the alkyl chain. Starting with 1-octadecanethiol (ODT, C18)
mechanically stable and non-defective samples could be prepared. ODT carbon
nanomembranes were chosen to be characterized in more detail due to the same
number of carbon atoms as the well-known TPT. The Young’s modulus was de-
termined to be Ē = (592± 151) MPa indicating a comparably soft membrane.
The investigation of the permeation behavior revealed an unselective carbon
nanomembrane, whose free-standing samples exhibit an average equivalent pore
diameter of d̄eq = (22± 7)Å. For comparison, on the metallic substrate the
average diameter of the depressions is d̄eq = (8± 3)Å. In general, this exam-
ple points out that differences can occur between the CNMs on the metallic
substrate and the corresponding free-standing ones. Based on the permeation
results, the modification of conventionally prepared carbon nanomembranes
by exchanging a certain proportion of the self-assembled monolayer’s precursor
molecules is an attractive approach to control the selectivity of the membrane.
Initial studies for the mixed CNM consisting of TPT and ODT molecules were
performed. It was found that the rate of substitution is rather slow, having
a time constant of τ ∼ 6.1 d. Thus, an easy control of the exchanged pro-
portion is given. To the best of my knowledge, the performed experiments
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demonstrated the fabrication of carbon nanomembranes from alkanethiol self-
assembled monolayers for the first time and further underlined their application
potential revealing the capabilities of these molecular building blocks.
A functionalization strategy was presented to irreversibly bind proteins to the

surface of the CNM. Due to proteins’ high efficiency in executing specific tasks,
it is conceivable that the overall performance of such a designed membrane
will benefit. Furthermore, a complete new class of molecular building blocks
was introduced, allowing (i) to screen for undiscovered membrane materials
and (ii) to attune the performance of existing carbon nanomembranes to a
specified application. The presented radioactive tracer method complements
the available monitoring techniques in order to judge the separating efficiency
of tailored CNMs. To conclude, the findings of the present thesis provide some
fundamental knowledge about new ways to alter and monitor the properties of
carbon nanomembranes. Hopefully, this will help to develop efficient custom-
made separation membranes to meet the world’s emerging demands in the next
decades.
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A. Technical Drawings

Detailed technical drawings [84] of the modified container for performing gravi-
metric analyses. The top part and the bottom part are shown in figure A.1
and figure A.2 respectively. Stainless steel was used for the fabrication.
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Figure A.1.: Detailed technical drawing [84] of the top part of the modified container design
for performing mass loss experiments.

The copper or Teflon sealings have an inner diameter of din ∼ 10 mm, an
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A. Technical Drawings

outer diameter of dout ∼ 14 mm with a thickness of t ∼ 1 mm. Shortened M6
screws are used with a total length of t ∼ 9 mm.
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Figure A.2.: Detailed technical drawing [84] of the bottom part of the modified container
design for performing mass loss experiments.
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B. Preparation and Functionalization
of CNMs

Complex Formation with L-Lysine-NTA. An Au(100 nm)Ti(5 nm)Si com-
posite (Georg Albert PVD-Coatings) was used as a substrate. Surface cleaning
was done by the treatment with ozone for six minutes at a oxygen (UN 1072,
hydrocarbon-free, Linde AG) flow of 1.0 slm (standard liter per minute) em-
ploying the ozone cleaner UVOH 150 LAB (FHR Anlagenbau GmbH) and the
subsequent immersion into ethanol (absolute, AnalaR NORMAPUR, VWR
Chemicals) for at least thirty minutes. The substrate was rinsed with ethanol
and blown dry using nitrogen (UN 1066, Linde AG). Piranha solution was
freshly prepared from sulfuric acid (95 %, VWR Chemicals) and hydrogen per-
oxide (30 %, VWR Chemicals) in a schlenk flask using a volume ratio of 3:1
acid:peroxide and letting it rest for at least thirty minutes. Afterwards the flask
was thoroughly washed with Millipore water (Super-QTM 4, Merck Millipore)
and dried in a Memmert universal oven, model UNB 100. Air and residual
water were removed from the baked schlenk flask by applying at least three
vacuum nitrogen degassing cycles utilizing a heat gun (type 3484, Steinel) and
a schlenk line equipped with a chemistry hybrid pump (model RC 6, combi-
nation of a two-stage rotary vane pump and a chemistry membrane pump) of
Vacuubrand GmbH+Co KG.

The gold substrate was placed under a nitrogen flow into the schlenk flask and
two additional degassing cycles were performed. AnhydrousN -N -dimethylform-
amide (DMF, 99.8 %, Sigma Aldrich) dried over a molecular sieve (beads, 4-8
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B. Preparation and Functionalization of CNMs

mesh, 3 Å, KnNa12−n[(AlO2)12(SiO2)12]·xH2O, Sigma Aldrich) was pipetted
under a nitrogen flow to the substrate and the solvent was degassed without
the usage of the heat gun. A small amount of 4’-nitro-1,1’-biphenyl-4-thiol
(NBPT, Taros Chemicals GmbH & Co. KG) was added under a nitrogen flow
and the solution was degassed once again. The schlenk flask was covered with
aluminum foil and allowed to rest for three days. The workup was done by
the treatment of the specimen with an ultrasonic bath (T310, Elma) for six
minutes in DMF (BioSyn, ≥ 99.9 %, Honeywell) and ethanol. Subsequently
the SAM was rinsed with ethanol and blown dry in a nitrogen stream.
The irradiation with low energy electrons (100 eV, 50 mC cm−2) employing

an FG 15/40 electron gun (SPECS Surface Nano Analysis GmbH) converted
the SAM into a CNM.
For the first functionalization step 3-(maleimido)propionic acid N -hydroxy-

succinimide ester (MI, ≥ 98.5 %, Sigma Aldrich) was taken from the freezer
compartment and allowed to reach room temperature. It is important to note
that molecules which were ordered close to the day of the functionalization
need to be used due to the hydrolysis of the ester bond. A 20 mM solution in
anhydrous DMF was prepared with the aid of an ultrasonic bath. A glass slide
was cleaned with acetone (≥ 99.8 %, Fisher Scientific), ethyl acetate (≥ 99.8
%, Fisher Scientific) and ethanol. The CNM and the glass slide were blown
dry with nitrogen. Two drops of the solution containing MI were placed on the
surface of the CNM and covered with the glass slide avoiding any air bubbles.
It was kept in the dark for forty minutes, rinsed with DMF and blown dry with
nitrogen.
The second functionalization step involved N -[Nα,Nα-Bis(carboxymethyl)-

L-lysine]-12-mercaptododecanamide (L-lysine-NTA, ≥ 90.0 %, Sigma Aldrich).
The NTA taken from the freezer compartment was brought to room tempera-
ture. A 20 mM solution was prepared and applied to the specimen following
the same procedure like the first functionalization step. After four hours in the
dark, the aluminum foil was removed and the sample was cleaned with DMF
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and blown dry in a nitrogen stream. Whenever the specimen was not used
immediately it had been stored under an argon (UN 1006, Linde AG) inert
atmosphere.

Reversible Protein Immobilization. A nitro-terminated SAM on an alu-
minized polyethylene terephthalate (PET) substrate was used. The respective
SAM or amino-terminated CNM was provided by CNM Technologies GmbH.
The functionalization strategy is based on a patent [119] of CNM Technologies
GmbH and Aptarion Biotech. Two slightly different preparation procedures
were carried out. They differ in the used solvent, inert gas, in the application
of aluminum foil for the coverage of the reaction mixture and in the storage
of the specimens. However, these variations do not affect the reaction itself
and were done due to the availability of substances and individual preferences.
The differences have no influence on the behavior of the samples so that the
comparability is still ensured.

For the spectroscopic analyses the samples were prepared according to the
following strategy. The CNM was placed into a schlenk flask equipped with
a septum (rubber, EC99.1, Carl Roth GmbH & Co) and three successive vac-
uum argon degassing cycles were applied with the onetime usage of a heat gun.
The system was evacuated over night. Tetrahydrofuran (THF, ≥ 99.5 %, dried
over sodium hydroxide, Carl Roth GmbH & Co) was pipetted under an argon
flow into the flask, which was then immersed into a water/ice mixture. N -
N -diisopropylethylamine (DIPEA, ≥ 99 %, Sigma Aldrich) was added under
an argon stream to the solution. The mediator 2-azidoacetyl chloride (2-AAC,
97 %, 30 % solution in diethyl ether, SelectLab Chemicals GmbH) taken from
the refrigerator was brought to room temperature and slowly dripped under
argon into the schlenk flask. The volume ratio was ∼ 16:1:3 in relation to the
components THF:DIPEA:2-AAC. A balloon filled with argon was connected
to the flask and the reaction mixture was allowed to rest over night. The solu-
tion was carefully quenched with ethanol. The sample was rinsed with ethanol
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B. Preparation and Functionalization of CNMs

and 2-propanol (AnalaR NORMAPUR, VWR Chemicals) and blown dry with
nitrogen. The sulfo-dibenzylcyclooctyne-biotin conjugate (SDBCOB, > 90 %
HPLC, Jena Bioscience GmbH) was taken from the freezer compartment and
allowed to reach room temperature. A 2 M sodium chloride (analytical reagent
grade, Fisher Scientific) solution in Millipore water was prepared using an ul-
trasonic bath. The functionalized CNM was placed over night into a 84 µM
solution of SDBCOB in sodium chloride. The specimen was rinsed with Mil-
lipore water, dried with a nitrogen stream and stored under an argon inert
atmosphere.

The samples used for the fluorescence measurements were fabricated starting
with the SAMs provided by CNM Technologies GmbH. The irradiation with
low energy electrons was performed through a brass mask which exhibited an
array of 3x3 orifices (∅ = 100µm, distance between two orifices d = 50µm,
thickness t = 100µm). A self-built Teflon holder was treated with an ultrasonic
bath for fifteen minutes in ethanol and 2-propanol. The patterned CNMs were
plugged into the holder and placed in a schlenk flask, which was equipped with
a septum. In figure B.1 a photograph of the arrangement is shown. Degassing
cycles were applied as described before utilizing nitrogen as an inert gas.

Figure B.1.: Sample arrangement: Patterned CNMs plugged into a self-built Teflon holder
and placed into a schlenk flask, which was equipped with a septum.
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The subsequent functionalization steps involving 2-AAC and SDBCOB were
conducted in the same manner as reported above. Dichloromethane (CH2Cl2,
anhydrous, ≥ 99.8 %, with 50-150 ppm amylene as stabilizing agent, Sigma
Aldrich) was used as a solvent for the first step. The volume ratio was ∼ 25:1:3
in relation to the components CH2Cl2:DIPEA:2-AAC. The amount of solvent
was increased due to the dimensions of the Teflon holder. The reaction mixture
was covered with aluminum foil. The solution was transferred into a separate
beaker after the reaction and quenched. The same procedure was followed for
the specimen. For the functionalization with SDBCOB a concentration of at
least 84 µM was used and the samples were wrapped in aluminum foil and
stored under an argon inert gas atmosphere at a temperature of T = −22 ◦C.

Enhanced Coupling Density through Amino-Terminated Self-Assem-
bled-Monolayers. The syntheses and purity analyses of 4’-(aminomethyl)-
[1,1’-biphenyl]-4-thiol (AMBPT) and (4’-((methoxymethyl)thio)-[1,1’-biphenyl]-
4-yl)methanamine (MOM-AMBPT) were performed by Nicole Wutke at the
Max Planck Institute for Polymer Research in Mainz using 4’-mercapto-[1,1’-
biphenyl]-4-carbonitril (97 % GC, Sigma Aldrich) as an educt.

A 300 nm gold layer on mica from Georg Albert PVD-Coatings was used as a
substrate. The same procedure as reported above was applied for the cleaning
of the substrate and the used schlenk flask and for the degassing of the solvent.
Instead of using an ultrasonic bath for the cleaning, simple rinsing was applied.
Nitrogen was employed as an inert gas and DMF as the solvent. The AMBPT
was taken from the freezer compartment and allowed to reach room temper-
ature. At least an ∼ 0.5 mM solution in DMF was prepared. The precursor
molecule was dissolved in a snap-on lid in advance using a small amount of the
solvent. The main part of the DMF was degassed in the schlenk flask. The
amount utilized to solve the AMBPT and to rinse the snap-on lid afterwards
were only degassed during the subsequent application of one degassing cycle.
The reaction mixture was overlayed with an nitrogen atmosphere, covered with
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aluminum foil and let rest for three days. The specimen was rinsed with DMF
and ethanol, blown dry under a nitrogen stream and stored under an argon
inert gas atmosphere.
The irradiation with low energy electrons (50 eV, 50 mC cm−2) was con-

ducted in the XPS system at a pressure better than p < 8.0 · 10−10 mbar.
For the transfer of the resulting CNMs the following method has been used.

The specimen was spin-coated with two different photoresists (AR-P 639.04
(PMMA 50K) and AR-P 679.04 (PMMA 950K) in n-butyl acetate ethyl lactate,
Allresist GmbH) starting with the PMMA 50K. A spin coater (Polos Spin150i,
Spincoating, SPS-Europe B.V.) equipped with an oil-less piston vaccum pump
(MAJP-140V(L), Micro-Air Engineering PTE LTD) was used as a device. Each
spin-coating step was executed at four thousand revolutions per minute for
thirty seconds and the sample was heated at T = 90 ◦C for five minutes after
each spin-coating step to evaporate the solvent.
The edges of the sample were narrowly cut and transferred on top of an etch-

ing solution containing a mass fraction of 1:4:40 in relation to I2:KI:H2O for ten
minutes. The iodine (resublimed crystals, 99.8 %) and the potassium iodide
(≥ 99 %) were purchased from Alfa Aesar and Carl Roth GmbH & Co respec-
tively. Millipore water was used for the solution. The PMMA-stabilized CNM
on the gold layer was detached from the mica substrate by carefully dipping
the specimen into Millipore water. The floating sample was transferred with
a wafer piece (silicon (100) or 300 nm thermal silicon oxide on silicon, Si-Mat
Silicon Materials) on top of the etching solution for ten minutes to dissolve the
gold layer. Subsequently, the CNM was placed onto a Millipore water surface.
After one minute it was transferred onto a 10 wt% solution of potassium io-
dide in Millipore water and let rest for ten minutes. Two subsequent washing
steps of one minute on top of a fresh Millipore water surface were performed.
Finally, the floating CNM was fished onto the respective target substrate and
allowed to dry. For the HIM analyses quantifoil multi A holey carbon films on
TEM grids (Quantifoil Micro Tools GmbH) and for the examination by optical
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microscopy 300 nm thermal silicon oxide on silicon were utilized as the target
support.

The sample used for the investigation by optical microscopy was placed on
the bottom of a beaker. Acetone was slowly added and the PMMA was al-
lowed to dissolve for one hour. The specimen was taken out perpendicular to
the surface and immersed in the same manner into fresh acetone for three times.
Afterwards the CNM was dried in a nitrogen stream. The samples on quantifoil
were placed into a TEM grid holder. A critical point dryer (autosamdri-815,
Tousimis Research Corporation) filled with acetone and equipped with carbon
dioxide (UN 1013, Linde AG) was employed to dissolve the resist.

Irreversible Protein Immobilization. Amino-terminated CNMs on alu-
minized PET provided by CNM Technologies GmbH were used as for the
reversible protein immobilization approach. The schlenk flask was equipped
with a septum and three vacuum nitrogen degassing cycles were applied. Dur-
ing that procedure the heat gun was utilized several times to bake the schlenk
flask. The system has been evacuated for four hours before the CNM was placed
into the schlenk flask and additional three degassing cycles without the usage of
the heat gun were applied. It was evacuated over night. The functionalization
with the linker 2-AAC was performed like described above utilizing nitrogen
as an inert gas and molecular sieve-dried THF and DIPEA. The volume ra-
tio was ∼ 17:1:3 in relation to the components THF:DIPEA:2-AAC. During
the addition of 2-AAC an extra cannula was stung into the septum to release
the evolving gaseous hydrogen chloride. The reaction mixture was overlayed
with nitrogen, covered with aluminum foil and allowed to rest for 4.5 hours.
Onetime rinsing with Millipore water was conducted as a final step during the
workup procedure. For the second functionalization step dibenzocyclooctyne-
maleimide (DBCOM, > 88 %, Sigma Aldrich) was taken from the freezer com-
partment and allowed to reach room temperature. The functionalized CNM
was placed into a 0.5 mM solution of DBCOM in dried DMF and covered with
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aluminum foil. After one day the sample was subsequently rinsed with DMF,
ethanol, onetime Millipore water and blown dry in a nitrogen stream. If not
stated differently, the specimen were stored under an argon inert gas atmo-
sphere, covered with aluminum foil and at a temperature of T = −22 ◦C.

Aqueous Apparent Diffusion Coefficients Determined by Radioactive
Tracers. An Au(300 nm) gold layer on mica from Georg Albert PVD-Coatings
served as a substrate. The cleaning of the schlenk flask and the substrate fol-
lowed the reported method described in the paragraph of the “Complex Forma-
tion with L-Lysine-NTA”. The gold substrate was placed into the schlenk flask
and three vaccum nitrogen degassing cycles with onetime usage of the heat
gun were applied. The system was evacuated over night. DMF was pipetted
under a nitrogen flow to the composite and the solvent was degassed. 1,1’,4’,1”-
Terphenyl-4-thiol (TPT, 97 %, Sigma Aldrich, refined by sublimation before
usage) was taken from the freezer compartment and allowed to reach room
temperature. A small amount of TPT was added under a nitrogen flow to the
solvent and one vacuum nitrogen degassing cycle without the utilization of the
heat gun was applied. A balloon filled with argon was connected to the flask
and the reaction mixture was allowed to rest in a well-stirred silicon oil heating
bath (TBath = 70− 75 ◦C) for one day.
The workup and the transfer of the specimen were conducted according to

the procedure presented in the paragraph of the “Enhanced Coupling Density
through Amino-Terminated Self-Assembled-Monolayers”. The specimen was
additionally rinsed once with ethyl acetate during the workup. The prior ir-
radiation with low energy electrons (100 eV, ∼ 50 mC cm−2) was done with a
FG 15/40 electron gun at a pressure better than p < 3.5 · 10−8 mbar. A silicon
(100) wafer piece was used for the transfer of the PMMA-coated CNM. A thick
and bare mica substrate was cleaned with ethanol from both sides, cleft in the
middle and immersed into Millipore water to get rid of attached particles. The
processed CNM was fished onto the freshly cleft mica surface, dried for at least

X



thirty minutes and subsequently cut into several small samples of an appropri-
ate size. By the gentle immersion into Millipore water the CNM detached from
the mica and was transferred onto the target silicon nitride window, which ex-
hibits a single orifice and is embedded in solid silicon chips. The Si3N4 silicon
chips as well as sealed silicon chips were purchased from Silson Limited. The
precise diameter of each orifice (d ∼ 7 µm) was determined in advance through
the survey of the taken respective HIM images with ImageJ 1.52a [77]. The
specimen was allowed to dry over night.

A metal cylinder exhibiting outlets placed laterally at the bottom and an
inlet at the top was set into a beaker. An acetone-resistant tube was plugged
into the upper inlet and the end was put into another beaker. The elevated
cylinder-containing beaker was filled with acetone, which was sucked through
the tube into the second beaker. The acetone levels equalize due to the dif-
ference in the hydrostatic pressure. Several samples have been placed into a
specifically designed specimen holder and the holder was put onto the cylinder.
The sample-containing beaker was lowered and the other one was elevated lead-
ing to the complete immersion of the samples in acetone and to the dissolution
of the PMMA. After one hour the procedure was reversed and the bare CNM
specimens were allowed to dry.

The design of the utilized permeation cell and the procedure of mount-
ing the specimen were adapted from Yang et al. [10]. Si3N4 silicon chips
with a non-covered orifice and sealed silicon chips were used for the refer-
ence diffusion experiments and the investigation of the outgassing, respec-
tively. An aqueous Tris-EDTA buffer (TE) solution at pH = 7, made from
tris(hydroxymethyl)aminomethane (Tris, ≥ 99 %, Fisher Chemical) and ethyl-
enediaminetetraacetic acid (EDTA, ≥ 99 %, Carl Roth GmbH & Co), was
used to replace the 2-propanol in the compartments of the permeation con-
tainer. Hydrogen-3 (3H, tritiated water), carbon-14 (14C, sodium bicarbon-
ate) and phosphorus-32 (32P, phosphoric acid) were bought from Hartmann
Analytic GmbH. The corresponding amount of TE buffer solution with re-
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spect to the added volume of the tracer molecules and V = 12.5 µl of the
overlaying mineral oil (M8410, CAS 8042-47-5, Sigma Aldrich) was removed
from the donor and acceptor side. The donor compartment of the permeation
cell was carefully mixed after the addition of the radioactive material. Two
sets of experiments have been performed independently, one containing 3H
and 32P and the other one 14C and 32P. Initial activities of A(3H) = 2 µCi,
A(14C) = 6 µCi and A(32P) = 1 µCi were used for the diffusion experiments.
The outgassing experiments contained only carbon-14 with starting activities
of A(14C) = 2, 4, 6, 8, 10 µCi. The data acquisition was realized as follows. A
volume of V = 5 µl was pipetted from the respective compartment and an
amount of V = 2.5 ml of the LSC universal scintillation cocktail Rotiszint R©

eco plus from Carl Roth GmbH & Co. KG was added. The detection of the
counts caused by the radioactive decay was done by utilizing a 1900 CA Tri-
Carb liquid scintillation (Packard Instrument Company Incorporated) over a
time period of ten minutes. The solution in both compartments was overlayed
with mineral oil after the first taken data point. The following time-dependent
concentrations of the radioisotopes were obtained in the same manner without
the addition of extra mineral oil.

Fundamental Feasibility Check. An Au(300 nm)/mica composite from
Georg Albert PVD-Coatings was utilized as a substrate. The cleaning of
the substrate followed the reported method described in the paragraph of
the “Complex Formation with L-Lysine-NTA”. The following alkanethiols have
been used after they reached room temperature: 1-Dodecanethiol (DDT,≥ 98%,
Aldrich Chemistry), 1-tetradecanethiol (TDT, ≥ 98%, Sigma Aldrich), 1-hexa-
decanethiol (HDT, 99%, Sigma Aldrich), 1-octadecanethiol (ODT, 98%, Sigma
Aldrich) and 1-docosanethiol (DST, ≥ 98%, Tokyo Chemical Industry Co.,
Ltd.). The SAM was formed by the immersion of the cleaned composite into
a 1mM solution of the respective alkanethiol for one day. For HDT the con-
centration was 4mM due to the spontaneous melting of the compound. To
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dissolve the DST molecules a treatment with an ultrasonic bath was necessary.
The specimen was rinsed with ethanol, blown dry with nitrogen and stored
under an argon atmosphere. The DST sample was additionally rinsed with
n-hexane (analytical reagent grade, Fisher Scientific) to remove physisorbed
molecules from the surface. The irradiation with low energy electrons (50 eV,
50 mC cm−2) was performed in the XPS system. The transfer of the sam-
ples followed the procedure described in the paragraphs of the “Enhanced
Coupling Density through Amino-Terminated Self-Assembled-Monolayers” for
DDT, TDT, HDT and DST and of the “Aqueous Diffusion Coefficients Deter-
mined by Radioactive Tracers” for ODT. The removal of the PMMA was done
like reported in the last paragraph.
The samples for the conducted ODT’s control experiments have been fabri-

cated in principle in the same manner like above, but were irradiated within the
system which is equipped with a FG 15/40 electron gun (100 eV, ∼ 50 mC cm−2)
at a pressure of p < 5.5 · 10−8 mbar.

Detailed Study of 1-Octadecanethiol (ODT). The preparation and trans-
fer of the samples was done like it is described in the previous paragraph of
the “Fundamental Feasibility Check”. The samples were irradiated with a FG
15/40 electron gun (100 eV, ∼ 50 mC cm−2) at a pressure of p < 6.6·10−8 mbar.
In the process of the fabrication of the samples for the SEM and TEM

analyses 20 µl trifluoroacetic acid (TFA, ≥ 99%, Fisher Scientific) were added
due to temporary copper contamination issues. However, it was validated that
the TFA has no influence on the resulting ODT SAM itself. The samples were
transferred onto TEM finder grids (R3.5/1, Au NH7 Quantifoil, Quantifoil
Micro Tools GmbH). In this case, the imaging was done with a SEM, because
the preferred HIM was under maintenance.
The substrate for the structural AFM investigation was cut into an octag-

onal shape with a diameter of d ∼ 8 mm and rinsed with ethanol, as well as
Millipore water to get rid of remaining particles. The composite was blown
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dry in a nitrogen stream and immersed into the ethanolic ODT solution. The
irradiation was performed inside the utilized AFM. Some specimens for the
AFM bulge test were transferred without the additional fishing onto a freshly
cleft mica substrate.
The gluing onto the home-made plastic sample holders (bulge test), onto

the upper part of the stainless steel cup (gravimetric analysis), and onto the
self-made oxygen-free copper holders (gas permeation) has been done with 2-
K-epoxy resin adhesive (UHU R© Plus Endfest 300, article number: 45735, UHU
GmbH & Co. KG) and the samples were allowed to dry at least over night.

Fabrication of Mixed CNMs. The fabrication of the TPT specimen was
performed according to the reported method in the paragraph “Aqueous Dif-
fusion Coefficients Determined by Radioactive Tracers” without the additional
usage of ethyl acetate. The exchange was performed by the immersion into a
1mM ethanolic ODT solution. The different exchange times of the TPT SAM
were achieved either by the subsequent and cumulative immersion into the ex-
change solution or by letting the sample rest for the complete period of time.
The samples were cleaned with ethanol and blown dry by a nitrogen stream.
The transfer was conducted following the reference of the previous paragraph.
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C. Derivation of the Radioisotopes’
Model

The following model has been developed in cooperation with Riko Korzetz and
the listed symbols were used for the derivation of the radioisotopes’ model.

CD, CA: concentrations in the donor and acceptor compartments at the
membrane’s surface, respectively

k: outgassing constant
D′: apparent diffusion coefficient
KL: liquid phase sorption coefficient
D: diffusion coefficient
A: effective diffusion membrane area
V : compartment volume
d: thickness of the membrane
C0: concentration in the donor compartment at t = 0
f : correction factor
CD,0, CA,0: bulk concentrations in the donor and acceptor compartments,

respectively
F, FRef: flux over the membrane and the open orifice, respectively
CD,Ref , CA,Ref : concentrations in the donor and acceptor compartments at

the orifice’s surface, respectively
a: radius of the orifice
Q: flow rate
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C. Derivation of the Radioisotopes’ Model

Further subscripts
Int: intact part of the carbon nanomembrane
Def: defective part of the carbon nanomembrane
Tot: complete specimen
CNM: carbon nanomembrane itself
Obs: experimentally observable parameters

The time-dependent change in the concentration of the radioisotopes can be
described by the combination of their corresponding diffusive and outgassing
behavior as shown in equation (C.1). The tracer loss and the diffusive transport
through the orifice are represented by the first and second term, respectively.
When taking a look at the acceptor compartment, which is defined to be left-
sided in this case, the algebraic sign of the equation is positive. It should be
noted that D′ describes the apparent diffusion coefficient, which is related to
the diffusion coefficient D and the liquid phase sorption coefficient KL within
the solution-diffusion model via D′ = D ·KL.

dCA/D
dt = −kCA/D ±D′

∂C

∂x
· A
V

(C.1)

The concentration difference across the orifice can be expressed as displayed
in equation (C.2) assuming a linear concentration gradient across the mem-
brane.

d(CD − CA)
dt = −k(CD − CA)− 2D′A

V

∂C

∂x

≈ −k(CD − CA)− 2D′A
V

CD − CA
d

(C.2)

In equation (C.3) the initial values are listed. The initial concentrations
equal the one of the added radioisotopes in the donor compartment and zero
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in the acceptor compartment.

CD(t = 0) = C0

CA(t = 0) = 0
(C.3)

Therewith, a solution of the differential equation (C.2) can be obtained,
which is given in equation (C.4).

CA/D = C0
2 exp(−kt)

[
1∓ exp

(
−2D′A

V d
t

)]
(C.4)

The concentration differences with respect to the membrane’s surface and the
bulk are not equal due to the effect of concentration polarization. To account
for this effect a correction factor f was introduced as shown in equation (C.5).

CD − CA = f · (CD,0 − CA,0) (C.5)

The subsequent paragraphs are devoted to the derivation of the correction
factor. Within the solution, the flux through a membrane and an open orifice
is proportional to the concentration gradient at every point (Fick’s first law).
Thus, the concentration difference to the bulk (i.e. the integral of the gradient)
is also proportional to the flux. Based on this, the ratio of the fluxes of both
systems can be derived from the respective concentration differences regarding
to the bulk concentrations as shown in equation (C.6).

F

FRef
= CD,0 − CD
CD,0 − CD,Ref

= CA − CA,0
CA,Ref − CA,0

(C.6)

Consequently, the concentration at the membrane’s surface of the different
compartments can be expressed like displayed in equation (C.7).

CD = CD,0 − (CD,0 − CD,Ref)
F

FRef

CA = CA,0 + (CA,Ref − CA,0)
F

FRef

(C.7)
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The concentration difference in equation (C.8) results by the subtraction of
the former two equations.

CD − CA = CD,0 − CA,0 − [(CD,0 − CA,0)− (CD,Ref − CA,Ref)]
F

FRef
(C.8)

The combination of the term for the concentration difference of equation (C.8)
with the definition of the correction factor in equation (C.5) yields to equa-
tion (C.9).

f = CD − CA
CD,0 − CA,0

= 1−
(

1− CD,Ref − CA,Ref
CD,0 − CA,0

)
F

FRef
(C.9)

The strategy for calculating the position-dependent concentration through
an orifice (Weber’s disc) as it has been introduced in chapter 3, was employed
to describe the concentration difference at the orifice’s surface for which Radha
et al. [191] demonstrated its applicability. Cylindrical coordinates have been
used for the calculation and the area-averaged concentration gradient provides
a simplified expression for the correction factor as shown in equation (C.10) to
equation (C.13).

∂C

∂z

∣∣∣∣
z=0

= C0
π

1√
a2 − r2

(C.10)

∆C
d
≈ ∂C

∂z

∣∣∣∣
z=0

= 1
A

∫ 2π

0

∫ a

0

∂C

∂z

∣∣∣∣
z=0

drdφ = 2C0 a

A
= 2
πa
C0 (C.11)

CD,Ref − CA,Ref
CD,0 − CA,0

= ∆C
C0
≈ 2d
πa

(C.12)

f ≈ 1−
(

1− 2d
πa

)
F

FRef
(C.13)
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The ratio of the fluxes is obtainable from the last determined values of the
experiment: The radioisotope’s activity in the respective compartment of a
specimen measurement is divided through the one of the reference measure-
ment. Thus, the correction factor can be calculated. The final expression
for calculating the time-dependent concentration in equation (C.14) originates
from the simple modification of equation (C.4) with f .

CA/D = C0
2 exp(−kt)

[
1∓ exp

(
−2f D

′A

V d
t

)]
(C.14)

In order to determine the ratio of the intact and total area of a partially
defective specimen, the following approach was developed. It was assumed
that the overall flow rate through the sample can be theoretically expressed
by the sum of two separate terms as shown in equation (C.15). The first term
describes the flow rate through the intact areas of the carbon nanomembrane,
whereas the latter one displays it through the defective parts of the specimen.
The apparent diffusion coefficients and concentration gradients are considered
to be equal to the ones of a totally intact CNM sample for the aforementioned
first case and of a reference utilizing an open orifice for the latter one. In this
case each area has its own concentration gradient, which does not interfere with
the other ones.

Because these gradients are not known, the difference in the concentration
gradients was compensated by the usage of the correction factor simplifying
them to an unified concentration difference over the membrane’s thickness. Or
in other words: the gradient across the membrane was calculated with the
correction factor and the concentration difference in the bulk as shown above.
Furthermore, the defective area can alternatively be written as the difference
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between the total and intact area.

Q = −
(
AIntD

′
CNM

∂CCNM
∂x

+ADefD
′
Ref

∂CRef
∂x

)
= −

(
AIntfIntD

′
CNM +ADeffRefD

′
Ref
) ∆C
d

= −
[
AIntfIntD

′
CNM + (ATot −AInt) fRefD′Ref

] ∆C
d

(C.15)

When performing the measurement with a partially defective specimen its
total area is used. By utilizing the same approach like above an overall ob-
servable apparent diffusion coefficient, which describes the diffusion through
intact and defective parts of the sample, can be determined as displayed in
equation (C.16).

Q = −
(
ATotD

′
Obs
) ∂C
∂x

= −
(
ATotfObsD

′
Obs
) ∆C
d

(C.16)

Because both descriptions of the flow rate should be equal the rearrangement
yields an expression for the ratio of the intact and total area in equation (C.17).
The parameters fRefD′Ref and fIntD′CNM are known from a reference measure-
ment with an open orifice and from measurements with intact specimens of the
same batch, respectively. fObsD

′
Obs is obtained from the current sample under

investigation. The ratio of the sample’s defective and total area is consequently
given by the subtraction of the ratio AInt/ATot from one.

− [AIntfIntD
′
CNM + (ATot −AInt) fRefD

′
Ref]

∆C
d

= − (ATotfObsD
′
Obs)

∆C
d

AInt

ATot
= fRefD

′
Ref − fObsD

′
Obs

fRefD′
Ref − fIntD′

CNM
ADef

ATot
= 1− AInt

ATot

(C.17)
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