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Introduction
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There are various carbon-based
nanostructures . . .
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. . . and carbon-based cross-linked
SAMs.
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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).

unilogo-m-rot.jpg Jürgen Schnack, Molecular Dynamics 3/21



➠ ➡➡ ➠ ❐ ? ✖ Introduction

Problems

• Systems contain very many carbon atoms.

• Structure might be irregular. Defects?

• Quantum Methods, even DFT, cannot deal with
such systems.
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Thank God, we have computers

“Espresso-doped multi-core”

128 cores, 384 GB RAM

. . . but that’s not enough!
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Classical Molecular Dynamics

H. Feldmeier and J. Schnack, Rev. Mod. Phys. 72, 655 (2000).
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Classical Molecular Dynamics

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

• CMD can find ground states and model dynamics.

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

sp, sp2, and sp3 hybridization modes.

wikipedia: orbital hybridization

unilogo-m-rot.jpg Jürgen Schnack, Molecular Dynamics 8/21



➠ ➡➡ ➠ ❐ ? ✖ CMD

Very sophisticated carbon potential

H(~r1,~p1;~r2,~p2; . . . ) =
N∑

i=1

~p2
i

2m
+ V (~r1,~r2, . . . )

V (~r1,~r2, . . . ) =
N∑

i 6=j

U2(|~ri −~rj|, Zi) +
N∑

i 6=(j<k)

U3(|~ri −~rj|, |~ri −~rk|,Θijk, Zi)

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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Coordination dependence
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Coordination influences strength and direction of bonding.

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

• Structure calculations.

• 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.

(1) R. C. Powles, N. A. Marks, and D. W. M. Lau, Phys. Rev. B 79, 075430 (2009).
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First investigations

A. Mrugalla, Master thesis (2013), in preparation.
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Graphen

5 GRUNDZUSTÄNDE GRÖ�ERER CLUSTER MIT DEM EDIP-POTENTIAL 42

Unter Konstruktionsvorschrift verstehen wir ein Verfahren, welches mit Hilfe einer

Elementarzelle die Menge

G = {p̨
j

+ T̨ (n
1

, . . . , n
l

) |n
i

= 0, 1, ..., n
i

max

; i = 1, . . . , l; j = 1, . . . , k} (5.2)

mit

T̨ (n
1

, . . . , n
l

) =
lÿ

q=1

n
q

b̨
q

n
q

œ N (5.3)

konstruieren kann.

Bei der Konstruktionsvorschrift werden lediglich alle Basispunkte hergenommen und in

verschiedene Richtungen T̨ verschoben. T̨ sind dabei Linearkombinationen von ganzzahligen

Vielfachen der Gittervektoren. In Abbildung 5.2 sehen wir das Ergebnis mit n
1

max

= 4 und

n
2

max

= 3. Denkt man sich dort den Rand weg, so sieht man die Struktur von Graphen.

x

y

z
b̨

1

b̨
2

Abbildung 5.2: Mit Hilfe der Konstruktionsvorschrift für Graphen und a = 1.3 Å generiert.
Man sieht die Struktur von Graphen.

Eine Funktion heißt Generator(p), falls sie eine Konstruktionsvorschrift ist, welche von

einem Parameter p abhängt und wo die Reihenfolge der Konstruktion eine Rolle spielt. Im

Beispiel mit Graphen war p = a. Wir wissen also, dass die Funktion U von einer Menge

von Atomen abhängt, die ein Generator(p) erzeugen kann und könnten schreiben:

R̨
1

, . . . , R̨
N

= Generator(p) ∆ U(Generator(p)). (5.4)
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Abbildung 0.6: Drei Nanotubes im Vergleich: (n, m) = {(10, 10), (13, 13), (16, 16)}

Carbon-carbon distance a = 1.42 Å as in reality.

A. Mrugalla, Master thesis (2013), in preparation.
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Nanotubes

x
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z

Abbildung 0.7: Ein (10,10) Nanotube.
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Lattice constant depends slightly on tube structure.

A. Mrugalla, Master thesis (2013), in preparation.
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Biphenyl

1 TEST 2
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Abbildung 1.3: Zwei Biphenyle mit dem Abstand r = 4.11 Å. r ist der Abstand zwischen

den beiden untersten Atomen
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Biphenyls are attractive with a preferred distance of r ≈ 4.1 Å.

A. Mrugalla, Master thesis (2013), in preparation.
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Outlook
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Outlook

adjacent atoms and encloses empty space. Interstitial spheres
with radii larger than the probe radius are part of the void
volume. Having established the center coordinates !Voronoi
S-network sites" and radii of the interstitial spheres using the
method of Medvedev,21 we numerically estimate the total
void volume by adding the contributions of all interstitial
spheres with radii larger than the probe radius accounting for
sphere overlap.

The exclusion radius of atoms in the system and the ra-
dius of the probe particle are variables in this type of analy-
sis. We take the probe to be an additional carbon atom, so the
probe and exclusion radii are equal and set to half the inter-
action cut-off distance for the pairwise terms in the EDIP
potential.13 This results in an exclusion radius of rexcl
=1.3 Å for a coordination of Z=4. We choose the Z=4 case
since it is close to the upper limit of pairwise interaction
lengths in our simulated systems. Other choices of the ex-
clusion radius are possible, which will alter the total void
volume. Void fractions over a similar range of densities for
disordered carbon systems simulated using the AIREBO
!adaptive intermolecular reactive empirical bond order"

potential were presented by Stuart et al.22 However these
results were based on a definition of void space as all volume
not occupied by atoms. This corresponds to using a probe
particle of zero radius and leads to higher void fractions at all
densities.

III. RESULTS

Figure 1!a" shows a 4096-atom 1.5 g/cc a-C system pre-
pared using a liquid-quenching method. As would be antici-
pated given the low density !graphite has a somewhat higher
density of 2.27 g/cc", the structure has high proportions of sp
!36%" and sp2 !58%" atoms, with sp3 atoms present as only
a minor species !6%". Extended high-temperature annealing
of this disordered precursor using 0D, 1D, 2D, and 3D peri-
odic boundary conditions produces profoundly different
structures as shown in Figs. 1!b"–1!e". Although all of the
annealed structures are predominantly sp2 bonded and con-
sist largely of extended sheets, the local sheet curvature and
connectivity vary markedly. Despite these differences, the
rate at which the system transforms into a nearly fully sp2

(b) 0D

4 Å section

cutaway

cutaway

4 Å section

(a) quenched

(c) 1D(d) 2D

4 Å section

(e) 3D

4 Å section, 3500 K

4000 K

4000 K

4000 K 3500 K

3500 K

FIG. 1. !Color online" Simulations of a low-density !1.5 g/cc" amorphous carbon precursor system after 200 ps of high-temperature
annealing which show the effect of the periodic boundary conditions of the simulation cell on the fully evolved structure. The development
of extended sp2 ordering is highlighted by rendering as surfaces all rings in which the atoms are exclusively sp2 bonded. !a" 4096-atom
amorphous carbon !a-C" precursor generated by liquid quenching at 1.5 g/cc. !b" !0D, isolated cluster" Final structure after annealing of the
system in panel !a" at 4000 K for 200 ps with all three periodic boundary conditions removed. !c" !1D, nanowire" Same as !b" but with two
periodic boundary conditions removed. !d" !2D, freestanding sheet" Same as !b" but with one periodic boundary condition removed and an
annealing temperature of 3500 K. !e" !3D, bulk" Same as !b" but with all three periodic boundary conditions intact and annealing tempera-
tures of 4000 K !left panel" and 3500 K !center and right panels". In the color version of this figure !online", some additional structural
information not critical to the discussion is indicated: Atoms are colored by coordination: red !sp", green !sp2", and blue !sp3". Ring surfaces
are colored by ring length: blue !5", green !6", red !7", and yellow !8".

SELF-ASSEMBLY OF sp2-BONDED CARBON… PHYSICAL REVIEW B 79, 075430 !2009"

075430-3

Self-organization and sp2 ordering in large systems.

R. C. Powles, N. A. Marks, and D. W. M. Lau, Phys. Rev. B 79, 075430 (2009).
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Outlook

Possible real configuration of a Biphenyl layer (1).

(1) D. Rhinow, N.-E. Weber, A. Turchanin, J. Phys. Chem. C 116, 12295 (2012).
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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 can be determined with
great accuracy (exception graphite).

• Dynamical self-assembly can be simulated.

• Prospect to simulate nano sheets with realistic,
i.e. probably irregular structure.

• Electronic properties CANNOT be modeled.
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➠ ➡➡ ➠ ❐ ? ✖ Thanks

Many thanks to

Professor Nigel Marks, Curtin University, Australia
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➠ ➡➡ ➠ ❐ ? ✖ The end

Thank you very much for your
attention.
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