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There are various well-known carbon-based nanostructures . . .

Regular, crystalline, sp2 carbon.
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. . . and carbon-based cross-linked SAMs = CNM (I)
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bonds between the reactive end groups and the substrate atoms 
and the van der Waals interactions between the carbon atoms 
in the core of the precursor molecules. To obtain SAMs with 
desired molecular arrangements, such parameters like immer-
sion duration, temperature, concentration, and solvent polarity 
can be adjusted. [ 11,15,46 ]  X-ray photoelectron spectra (XPS) for aro-
matic SAMs on Au, representing diverse types of aromatic pre-
cursors, are shown in  Figure    3   (left). Chemical composition and 
thickness of the monolayers can be derived from the analysis 
of the binding energy (BE) and intensity of the C1s, S2p, and 
Au4f photoelectron signals. Thus the S2p doublet with an S2p 3/2  
BE of 162.0 eV unambiguously demonstrates the formation of 
thiolates. [ 12 ]  Aromatic and aliphatic carbons have the C1s signals 
at BEs of 284.2 eV and 285.0 eV, respectively. [ 12 ]  The stoichiom-
etry and thickness, as obtained from these spectra, correspond 
well to the composition of the precursor molecules and indicate 
the formation of SAMs with an upright molecular orientation. 
By varying molecular precursors, the thickness of the aromatic 
monolayers was adjusted from approximately 6 Å for naphtha-
lene (NPTH) (Figure  2 b: 2a) to approximately 24 Å for hexa-peri-
benzocoronene (HBC) (Figure  2 b: 3b,c), which directly correlates 
with their molecular lengths (see Figure  2 b and  Table    1  ).   

 The structure of the formed SAMs was studied by combining 
STM and low-energy electron diffraction (LEED).  Figure    4   
shows the results for anthracene (C14), 3-(biphenyl-4-yl)propane 
(C15), and terphenyl (C18) thiols on Au(111). [ 46 ]  These SAMs 
and the monolayers from compounds 1b, 1c, 2a, 2b, 2c, and 

2e (see Figure  2 b) form densely packed arrangements [ 19 ]  with 
the (√3 × √3) unit cells of the adsorption positions and with 
the (2√3 × √3) superstructures of the molecular backbones. In 
these monolayers, the surface area per molecule is the same 
(21.6 Å 2 ); thus, the surface density of carbon atoms can be pre-
cisely tuned by the choice of the molecular precursor, which 
enables the number of carbon atoms per molecule to be varied. 
Biphenylthiols (Figure  2 b: 1a) exhibit a (2 × 2) arrangement 
of the adsorption places, which corresponds to a less-densely 
packed layer with a surface area of 28.7 Å 2  per molecule. [ 55 ]  
Some precursors (Figure  2 b: 2d, 2f, 3a–c) do not show well-
ordered structures as neither LEED patterns nor long-range-
ordered STM images can be obtained. From the photoelectron 
spectra in combination with the STM and LEED data, we con-
clude that sulfur–gold bonds are formed for all studied SAMs; 
however, the monolayers of “bulky” and polycyclic molecules 
are less ordered and less densely packed than the monolayers 
of oligophenyls (Figure  2 b: 1a–c) and “compact” naphthalene or 
anthracene systems (Figure  2 b: 2a–c, 2e). [ 46 ]   

 Electron irradiation of aromatic SAMs results in lateral 
crosslinking of the constituting molecules and formation of 
carbon nanomembranes (CNMs). [ 33,44,46,53 ]  The mechanisms 
of the electron-irradiation-induced crosslinking are discussed 
in detail in ref., [ 53 ]  and have also recently been reviewed in 
ref. [ 45 ]  We concentrate here only on the essential features of 
this process and most recent experimental [ 56–58 ]  and theoret-
ical results. [ 59 ]  It is important to note that in aliphatic SAMs, 

Adv. Mater. 2016, 28 , 6075–6103
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 Figure 2.    Schematic for the formation of carbon nanomembranes (CNMs) and graphene from molecular precursors. a) Schematic illustration of the 
fabrication route for CNMs and graphene: self-assembled monolayers are prepared on a substrate (i), then crosslinked by electron irradiation to form 
CNMs of monomolecular thickness (ii). The CNMs are released from the underlying substrate (iii), and further annealing at 900 °C transforms them 
into graphene. b) Chemical structures of the different precursor molecules discussed in this review. Adapted with permission. [ 46 ]  Copyright 2013, ACS 
Publications.

A. Turchanin, A. Gölzhäuser, Advanced Materials 28, 6075-6103 (2016).

W. Geyer, V. Stadler, W. Eck, M. Zharnikov, A. Gölzhäuser, and M. Grunze, Appl. Phys. Lett. 75, 2401 (1999).
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. . . and carbon-based cross-linked SAMs = CNM (II)
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Figure 1D shows a scanning electron microscopy (SEM) image
of a nanosheet that has been transferred onto a TEM grid with
130! 130mm2 squared holes. The two holes on the left are
covered by an intact homogeneous nanomembrane. In the upper
right hole, the membrane shows some folds, and in the lower
right hole, the nanomembrane has ruptured. Nanomembranes
on TEM grids with small holes (<10mm) show very few such
rupture defects; however, yield decreases with increasing hole
size.

We pyrolyzed nanomembranes on TEM grids at temperatures
from "800 to "1300K. Figure 1E shows a TEM image of a
crosslinked biphenyl nanosheet on a gold grid that has been
annealed at "1100K in ultrahigh vacuum (UHV). An intact
nanosheet (with a few folds) that spans an 11! 11mm2 hole is
clearly seen in Figure 1E. Scanning Auger microscopy revealed
that this suspended membrane consists only of carbon (see SI).
This temperature stability is quite remarkable for a macro-
scopically large membrane with a thickness of only "1 nm.

In the next step, we explored the electrical properties of the
heated nanosheets in suspended (membranes) and supported
(films) states. Figure 2 shows the sheet resistivity as a function of
the annealing temperature. The resistivity was determined at
room temperature after the respective annealing steps.
Nanosheets suspended on a gold grid were contacted by the

tip of a scanning tunneling microscope;
resistance was then determined by a two-point
measurement in UHV. Figure 2A shows an
SEM image of a tungsten tip touching a
nanosheet that suspends over an 11! 11mm2

square opening. Additional resistivity measure-
ments were carried out under ambient condi-
tions. To this end, nanosheets heated directly
on gold substrates in UHV where transferred
onto silicon oxide, and their sheet resistance
was determined under ambient conditions by a
four-point measurement (see SI). The sheet
resistivity values measured in UHV and in
ambient conditions are in a very good agree-
ment. A measurable electrical current is
detected after annealing at "800K. Here, the
sheet resistivity corresponds to "108 kV sq#1.
Upon annealing to temperatures between 800
and 1200K, we find linear current/voltage
curves (Fig. 2B, C, and E). Increasing the
annealing temperature to "1200K, drops the
sheet resistivity to "100 kV sq#1, demonstrat-
ing the clear metallic nature of the film. This
resistivity is only one order of magnitude
higher than that of a defect-free graphene
monolayer,[4] and "100 times lower than the
sheet resistivity of single chemically reduced
graphene oxide sheets,[22] which are currently
most favored for mass production of graphene.[8]

The structural transformations that occur
upon annealing in the crosslinked aromatic
monolayer were investigated by Raman spec-
troscopy and high-resolution TEM (HRTEM).
Again, nanosheets supported on silicon oxide
substrates and films suspended on TEM grids

were analyzed at room temperature after annealing. For
annealing temperatures above 700K, two peaks, at "1350 and
" 1590 cm#1, are observed in the Raman spectrum (Fig. 3A).
These bands are referred to as the so-called D- and G-peaks,
which are characteristic for sp2 bonded, honeycomb-structured
carbon allotropes.[23] Their positions, shapes, and the intensity
ratio I(D)/I(G) provide information about the degree of order in
the carbon network.[24] At "730K, the D-peak has its maximum
intensity at 1350 cm#1, while the G-peak has its maximum
intensity at 1592 cm#1, and shows a shoulder at 1570 cm#1. At
higher annealing temperatures, the shoulder in the G-peak
disappears. The band narrows and its position successively shifts
to higher wave numbers, reaching 1605 cm#1 at "1200K.
Simultaneously, the ratio I(D)/I(G) increases from "0.75 to "1
(Fig. 3B). The maximum of the D-peak almost remains at the
same wave number, while above "950K a shoulder appears at
"1180 cm#1. The observed temperature-dependent changes in
the Raman spectra are characteristic of a phase transition from an
amorphous to a nanocrystalline carbon network.[24] Considering
the thickness of the carbon nanosheet (1 nm), it is reasonable to
attribute these changes to the formation of a nanosized graphene
network. The Raman spectra also correlate very well with the
successive decrease of the sheet resistivity for increasing
annealing temperatures.

Figure 1. Fabrication scheme and microscopy images of supported and suspended carbon
nanosheets. A) A "1 nm thick SAM of biphenyl molecules is irradiated by electrons. This results
in a mechanically stable crosslinked SAM (nanosheet) that can be removed from the substrate
and transferred onto other solid surfaces.When transferred onto TEM grids, nanosheets suspend
over holes. Upon heating to T> 1000K in vacuum (pyrolysis), nanosheets transform into a
graphitic phase. B) Optical microscopy image of the section of a "5 cm2 nanosheet that was
transferred from a gold surface to an oxidized silicon wafer (300 nmSiO2). Some folds in the large
sheet are visible, and originate from wrinkling during the transfer process. C) Optical microscopy
image of a line pattern of 10mm stripes of nanosheet. The pattern was fabricated by e-beam
lithography and then transferred onto oxidized silicon. Note that the small lines are almost
without folds. D) SEM of four 130mm! 130mm holes in a TEM grid after a nanosheet
(crosslinked biphenyl SAM) has been transferred onto the grid. Two left holes are covered by
an almost unfolded nanosheet. The upper right hole shows some folds, whereas in the lower right
hole the sheet has ruptured. E) TEM image of a nanosheet transferred onto a TEM grid with
11mm! 11mm holes after pyrolysis at 1100 K. The hole is uniformly covered with an intact
nanosheet. Some folds within the sheet are visible.

1234 ! 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 1233–1237

biomedical field as artificial nacre[17] and as a novel material
used in surgery.[18] So far, a common feature of all developed
freestandingpolymernanomembranes is the crosslinkingof the
polymer itself to ensure the mechanical stability of the layer.
However, for the fabrication of chemical- or bioresponsive
polymer-based nanomembranes, the high crosslinking natu-
rally reduces the interactions between the polymer chains and
the environment and thus impairs the sensitivity and flexibility
of the films. Analogously to crosslinked polymer films
versus polymer brushes on substrates, a brush reacts more
quickly and has a higher sensitivity towards external stimuli.
The entire layer has a better accessibility, even for larger
molecules, and the strong chain stretching results in a
considerably lower chain entanglement of the preorganized
polymers along the surface normal. Hence, on surfaces, soft
and stimuli-responsive polymer brushes have been the system
of choice for the development of adaptive layers as actuators
and sensors.[19–23]

In this Full Paper, we report on the first freestanding
polymer brush, grafted from a crosslinked monolayer
(nanosheet) that provides mechanical stability and structural
integrity. Because of the morphological similarity, we refer to
this as a ‘‘polymer carpet.’’

2. Results and Discussion

For the fabrication of polymer carpets, a !1-nm-thin
nanosheet was prepared by electron-beam-induced cross-
linking of a biphenyl SAM. It was shown recently that these
macroscopically large but ultrathin nanosheets are extremely
stable bothmechanically and thermally.[8]After detachment of
the crosslinked monolayer from the substrate and deposition
onto a solid silicon support,[8] the nanosheet was used as a two-
dimensional (2D) template to growapolymer brushby surface-
initiated polymerization (SIP), forming the polymer carpet.
Like a real carpet, a polymer carpet thus consists of a soft and
flexible brush that is (covalently) attached to a thin and rigid 2D
framework. The preparation of polymer brushes by SIP has
been widely used during the past few decades and various
strategies have been developed.[20,21] Recently, we found that a
specific surface-bound initiator is not needed and defined
polymer brushes can be prepared by the self-initiated surface
photopolymerization and photografting (SIPGP) of vinyl
monomers.[24–26] The preparation of polymer carpets is out-
lined in Figure 1.

In a first set of experiments, polymer carpets were
prepared by SIPGP of styrene on approximately 5" 5mm2

crosslinked 4’-amino-1,1’-biphenyl-4-thiol (cABT) nanosheets
supported on silicon wafers. The supported cABT was
submerged in bulk styrene and irradiated with UV light at
lmax¼ 350 nm, intensively rinsed with solvents of different
polarities, dried in a jet of nitrogen, and investigated by atomic
force microscopy (AFM) under ambient conditions.

As shown in Figure 2 and the insets of Figure 3, polystyrene
(PS) was selectively grafted from the cABT nanosheets and
no polymer was observed on the bare silicon wafer. The
reactivity difference between the bare silicon substrate and
the cABT nanosheet is in agreement with our previous

reports.[24–26] The simpler approach of fabricating a polymer
brush on the cABT SAMs, as we reported before, and then
detaching the entire cABT/brush layer, whichwould also result
in a polymer carpet, did not turn out to be successful in initial
experiments.

The ex situ kinetic studies of the SIPGP for different UV-
irradiation times (0.5–8 h) are summarized in Figure 3 (plot).
The thickness development with the UV-irradiation time was
found to be initially linear (35 nmh$1 between 0.5 and 4 h) with
stagnation for longer irradiation times. This is in good

full papers R. Jordan, A. Gölzhäuser, et al.

Figure 1. Schemeof thepreparation of polymer carpets. a) A crosslinked
cABT SAM is prepared by electron irradiation of NBT and b) detached
by dissolving the gold substratewith a KI/I2 solution. c) The nanosheet is
deposited on a silicon substrate with thin silicon oxide or silicon nitride
layer.[8] d) Supported polymer carpets are obtained by SIPGP of a
vinyl monomer (styrene, 4VP, or MMA). e) Freestanding polymer carpets
are obtained by dissolving the underlying layer (Si3N4) with HF.

1624 www.small-journal.com ! 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2010, 6, No. 15, 1623–1630

A. Turchanin et al., Advanced Materials 21, 1233 (2009); I. Amin et al., Small 6, 1623 (2010).
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Fig. 6: Selective permeance: A) Whereas water translocates through CNMs with extraordinary performance, other 
small molecule compounds like liquid acetonitrile, ethanol or propanol or gaseous He, Ne, CO2, O2 or N2 were 
dramatically blocked. B) Water permeation coefficients per pore (molecules s-1Pa-1) for CNTs, Aquaporins and the 
sub-nm channels in CNMs. (Data taken from [PI.5]) 
  
temperature, we were even able to identify and model the different twisting of the molecules in 
the SAM (Fig. 4c and f). Additional KPFM experiments reveal distinct differences in electrical 
surface potentials due to molecular ordering [PI.10]. 
In transport and permeance experiments, we found that TPT-CNMs efficiently block the passage 
of most gases and liquids [PI.5]. However, water passes through with an extraordinary high 
permeance of 1.13×10−4 mol·m−2·s−1·Pa−1 which is orders of magnitude higher than for polymeric 
membranes as well as for other carbon nanoconduit membranes, see Fig. 5. While polymeric 
membranes often have a molecular weight cut-off in the kDa range, our preliminary tests show 
that TPT-CNMs block much smaller molecules, even ethanol, propanol, n-hexane, CO2, O2, and 
N2, see Fig. 6A.  This suggests that water molecules -most likely- translocate fast and cooperatively 
through sub-nanometer channels. Assuming all channels in a TPT-CNMs are active in mass 
transport, we find a single-channel permeation of ~66 water molecules·s−1·Pa−1. Fig. 6B shows 
that this value compares well with molecular transport through other carbon nanoconduits, such 
as carbon nanotubes (CNT) or aquaporins, which further motivates a more detailed investigation 
of the molecular structure and transport properties of CNMs. 
In order to elucidate this selective and rapid water transport in more detail from a morphological 
perspective and to check our nanopore hypothesis, we investigated the as-grown (polymerized) 
TPT-CNMs in UHV (at room and LN2-temperature) with ncAFM as well as with tapping-mode  
 

 
 
Fig. 7: Morphology of TPT CNM with nanopores. (A) AFM image of TPT CNM measured at 93 K in UHV via AFM 
tapping mode of operation (amplitude set point A = 7.6 nm, center frequency f0 = 274.8 kHz). (B) Topographical 
closeup to a nanopore as depicted in (A) with an overlay drawing of the marked pore in A by laterally crosslinking 
seven TPT molecules using the ChemDraw program (PerkinElmer Informatics). (C) Statistical analysis of the 
nanopore diameter distributions (0.7 ± 0.1 nm, the error bar denotes standard deviation) extracted from the acquired 
AFM images. This is, however, only an upper bound, as the AFM tip could not image the interior of the channel. 
(Data taken from [PI.5]) 
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• (A) Whereas water translocates through CNMs with extraordinary performance,
other small molecules or gases are practically blocked.

• (B) Topographical closeup to a nanopore with an artistic overlay drawing of the
pore by laterally crosslinking seven TPT molecules.

• (C) Statistical analysis of the nanopore diameter distributions (0.7 nm with 0.1 nm
standard deviation) extracted from the acquired AFM images.

Y. Yang et al., ACS Nano 12, 4695 (2018).
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Problems for theory
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Problems for theory

• Systems contain very many carbon atoms.

• Structure disordered/irregular. Holes! Holes? Huge holes! Huge?

• CNMs very soft: Young’s module ca. 10 GPa, graphene 1000 GPa.

• Quantum methods, even DFT, cannot deal with such big systems.

• Goal: realistic modelling of CNM structure and even formation with
correct properties.

• Can we model water translocation? Time scales!!!

Jürgen Schnack, CMD for CNM 9/26
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Contents for you today

1. Carbon nanomembranes
√

2. Classical molecular dynamics

3. Mechanical properties

4. Structure of CNMs⇒ Levin & Fil

5. Open problems⇒ Levin & Fil
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Classical Molecular Dynamics
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Classical Molecular Dynamics

• CMD can model very large systems
(∼ 10.000.000 particles).

• CMD can find ground states, local energy minima, and
model dynamics.

• But how should this be realistic for carbon-based com-
pounds, where the chemical bond is very much of quantum
nature?

Jürgen Schnack, CMD for CNM 12/26
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sp hybridization modes

sp, sp2, and sp3 hybridization modes.

wikipedia: orbital hybridization
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Very sophisticated classical carbon potential

H(~r1,~p1;~r2,~p2; . . . ) =

N∑
i=1

~p2i
2m

+ V (~r1,~r2, . . . )

V (~r1,~r2, . . . ) =

N∑
i6=j

U2(|~ri −~rj|, Zi) +

N∑
i6=(j<k)

U3(|~ri −~rj|, |~ri −~rk|,Θijk, Zi)

Θijk – dehedral angles, Zi continous coordination number.

D. W. Brenner et al., J. Phys.: Cond. Mat. 14, 783 (2002).

N. A. Marks, Phys. Rev. B 63, 035401 (2000).
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Dependence on coordination number Zi
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Coordination influences strength and direction of bonding.

Mocks spn binding modes.

N. A. Marks, Phys. Rev. B 63, 035401 (2000).
A. Mrugalla, Master thesis (2013)
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What can be achieved realistically?

• Structure calculations. Irregular = many structures correct!

• Dynamical self-organization (1).

• Mechanical properties, such as vibrational spectra and response
to mechanical stress.

• Sorry, no electronic properties,
such as conductance or heat conductance or UPS spectra.

⇒ Might be possible soon! Levin! + Andrei Postnikov

(1) R. C. Powles, N. A. Marks, and D. W. M. Lau, Phys. Rev. B 79, 075430 (2009).
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Mechanical properties
(Young’s modulus)

F. Gayk, J. Ehrens, T. Heitmann, P. Vorndamme, A. Mrugalla, and J. Schnack, Physica E 99, 215 (2018).

L. Mihlan, J. Ehrens, and J. Schnack, Physica E 167, 116170 (2025).
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Question

What is the predictive power
of classical carbon potentials

for structure and moduli
for known carbon materials?

. . . before we start to investigate unknown materials!

Jürgen Schnack, CMD for CNM 18/26
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Ground state distances for graphene, CNT, and diamond

Table 1: Ground-state dimensions in Å of graphene, CNT, and diamond for the
investigated potentials (LAMMPS).
(* No proper ground state structure found; † anisotropic.)

potential graphene CNT diamond
C-C distance C-C distance lattice const.

EDIP 1.42 1.42 3.56
REBO-II 1.42 1.42 3.58
ABOP 1.42 1.424, 1.417 † 3.46
Tersoff 89 1.46 1.46 3.57
Tersoff 90 * * 3.56
Tersoff 94 1.55 * 3.56
Tersoff BNC 1.44 1.44 -
Tersoff EA 1.48 1.48 3.57
AIREBO+LJ+t 1.40 1.41 3.58
AIREBO+LJ 1.40 1.40 3.58
AIREBO+t 1.40 1.40 3.58
AIREBO 1.40 1.40 3.58
experimental 1.42 1.42 3.567

F. Gayk, J. Ehrens, T. Heitmann, P. Vorndamme, A. Mrugalla, and J. Schnack, Physica E 99, 215 (2018).
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Young’s modulus for graphene
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Young’s modulus of graphene for various sizes and potentials. N denotes the num-
ber of atoms in the approximately square graphene sheets. Open boundary condi-
tions are applied.

Experimental value: 1000 GPa.

F. Gayk, J. Ehrens, T. Heitmann, P. Vorndamme, A. Mrugalla, and J. Schnack, Physica E 99, 215 (2018).
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Young’s modulus for CNT
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Young’s modulus of a (20,20) CNT with armchair geometry along the tube, taken as
x-direction, for various sizes and potentials. N denotes the number of atoms of the
tube. Open boundary conditions are applied.

Experimental value: 1000 GPa.

F. Gayk, J. Ehrens, T. Heitmann, P. Vorndamme, A. Mrugalla, and J. Schnack, Physica E 99, 215 (2018).
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Young’s modulus for diamond
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Structure and directions as well as Young’s modulus of diamond taken in various
directions on the northern hemisphere around the positive x-direction for N = 8631
and the EDIP potential. Open boundary conditions are applied.

Experimental values: 1.05 TPa . . . 1.21 TPa

F. Gayk, J. Ehrens, T. Heitmann, P. Vorndamme, A. Mrugalla, and J. Schnack, Physica E 99, 215 (2018).
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Young’s modulus for CNMs – Howto?
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Simulation method matters a lot! How would you do it?

L. Mihlan, J. Ehrens, and J. Schnack, Physica E 167, 116170 (2025).
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Summary

• Classical Molecular Dynamics can be set up for
carbon systems using effective many-body car-
bon potentials.

• Ground-state geometries and Young’s moduli
can be determined with great accuracy (excep-
tion graphite).

• CNMs are not carbon ground states! Disordered
carbon systems constitute local energy minima.
There are zillions.

• Levin and Fil can understand and model the for-
mation CNMs including holes!

Jürgen Schnack, CMD for CNM 24/26
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Outlook: Water permeation

• Frozen CNM, TIP3P water.

• Single file motion? Preorganization?

• Problem: Time scales!

• Large pressure necessary.

J. Ehrens, Ph.D. Thesis, Bielefeld University (2022).
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Thank you very much for your
attention.
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