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T
he creation of functional two-dimen-
sional (2D) materials is a fast-growing
field within nanoscience. Nano-

membranes,1 i.e. free-standing films with a
thickness of a few nanometers, have been
predicted to possess a superior perfor-
mance in the separation of materials where
they should allow a faster passage of the
selected;gas or liquid;molecules than
any conventional filter.2 Nanomembranes
were integrated in stretchable electronics3

and have been applied as mechanical resona-
tors in nanoelectro�mechanical systems;4

further, hybrids of nanomembranes with fluid
lipid bilayers were built as biomimetic inter-
faces for molecular recognition and sensing.5

Diverse strategies have been developed
to build nanomembranes. Since the 1990s
the so-called layer-by-layer (LbL) technique
is employed to fabricate membranes for
corrosion protection, sensing, and drug
delivery.6,7 In the LbL process, an electrically

charged surface is sequentially dipped into
positively and negatively charged poly-
electrolytes, leading to the formation of
polymeric membranes of well-defined mo-
lecular composition with thicknesses from
∼15 nm to several 100 nm. Much thinner
membranes can be made by exfoliating
single sheets out of a layered material.8

Graphene, consisting of a few (∼1� 5)
layers of carbon atoms, was initially made
by exfoliation9 and is nowadays produced
by a variety of techniques,10 allowing re-
searchers to gain new insights into the
physics and chemistry in two dimensions.
However, the surface of graphene is
homogeneous and chemically inert, which
makes an efficient functionalization with
other molecules difficult. On the contrary,
covalent organic frameworks11,12 (COFs)
and related two-dimensional systems13�16

are nanomembranes with heterogeneous,
chemically reactive surfaces. The first step in
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ABSTRACT Free-standing nanomembranes with molecular or atomic

thickness are currently explored for separation technologies, electronics,

and sensing. Their engineering with well-defined structural and func-

tional properties is a challenge for materials research. Here we present a

broadly applicable scheme to create mechanically stable carbon nano-

membranes (CNMs) with a thickness of ∼0.5 to ∼3 nm. Monolayers of

polyaromatic molecules (oligophenyls, hexaphenylbenzene, and poly-

cyclic aromatic hydrocarbons) were assembled and exposed to electrons

that cross-link them into CNMs; subsequent pyrolysis converts the CNMs

into graphene sheets. In this transformation the thickness, porosity, and

surface functionality of the nanomembranes are determined by the

monolayers, and structural and functional features are passed on from the molecules through their monolayers to the CNMs and finally on to the graphene.

Our procedure is scalable to large areas and allows the engineering of ultrathin nanomembranes by controlling the composition and structure of precursor

molecules and their monolayers.
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their creation is the synthesis of organic molecules
of well-defined size and shape with functionalities
at defined positions. When brought into proximity,
adjacent molecules form multiple covalent bonds
and assemble, such as Wang tiles, in a 2D lattice. COF
nanomembranes look very aesthetic; however, their
fabrication is time-consuming and requires high skill in
organic synthesis.
In this article, we present a modular and broadly

applicable construction scheme to efficiently fabricate
ultrathin carbon nanomembranes (CNMs) that unite
the thinness of graphene with the chemical function-
ality of a COF and the ease of fabrication of LbL films.
It was found earlier17 that self-assembled monolayers
(SAMs) of 1,10-biphenyl-4-thiol (BPT) are laterally cross-
linked by low-energy electrons and can be removed

from the surface forming 1 nm thick CNMs.When these
CNMs are pyrolized at ∼1000 K, they transform into
graphene.18,19 Motivated by these findings, we applied
similar protocols to a variety of other polyaromatic
molecules. Our scheme (Figure 1a�c) utilizes a se-
quence of (i) molecular monolayer assembly on a solid
surface, (ii) radiation induced two-dimensional cross-
linking, and (iii) a lift-off of the network of cross-linked
molecules. The product is a free-standing CNM, whose
thickness, homogeneity, presence of pores, and sur-
face chemistry are determined by the nature of the
initial molecular monolayer. We investigated three
types of thiol-based precursors: nonfused oligophenyl
derivatives (Figure 1d: 1a�1c) which possess linear
molecular backbones providing an improved structur-
al ordering of the formed SAMs; condensed polycyclic

Figure 1. Schematic for the formation of carbon nanomembranes (CNMs) and graphene from molecular precursors. (a�c)
Schematic illustration of the fabrication route for CNMs and graphene: Self-assembled monolayers are prepared on a
substrate (i), then cross-linked 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. (a) Fabrication of thin
CNMs and graphene (from “linear” precursor molecules 1a�1c in d). (b) Fabrication of thicker CNMs and few layer graphene
sheets (from “condensed” precursors 2a�2f in d). (c) Fabrication of CNMs and graphene sheets with nanopores (from “bulky”
precursors 3a�c in d). (d) Chemical structures of the different precursor molecules used in this study.
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precursors like naphthalene (NPTH), anthracene (ANTH)
and pyrene (MP) mercapto derivatives (Figure 1d:
2a�2f) which are more rigid and should result in a
higher stability and an increased carbon density of the
monolayers; “bulky”molecules, like the noncondensed
hexaphenylbenzene derivative with a propeller-
like structure (Figure 1d: 3a) and extended disc-type
polycyclic aromatic hydrocarbons such as hexa-peri-
benzocoronene (HBC) derivatives (Figure 1d: 3b,c).20,21

The former are specially functionalized with long alkyl
chains and a surface active group which is attached to
the π-conjugated backbone through a flexible methy-
lene linker. Thismolecular design enables a control over
the thickness and packing density of the SAMs by
varying the conditions of preparation. Figure 1a�c
shows schematics of our process applied to different
types of monolayers. In Figure 1a oligophenyls with a
linear molecular backbone form well-ordered mono-
layers that cross-link into homogeneous CNMs. After
pyrolysis, the CNMs transform into graphene, whose
thickness depends on the density of carbon atoms in
the monolayers. In Figure 1b, small condensed poly-
cyclic precursors also form monolayers that cross-link
into CNMs. After pyrolysis, the CNMs transform into
graphene, whose thickness is higher than in 1a, even if
the carbon density is the same as in 1a. Figure 1c shows
bulky aromatic hydrocarbons that assemble in a less-
ordered monolayer and cross-link into CNMs with
pores. After annealing, these nanomembranes trans-
form into thicker graphene sheets with pores. Hence,
the produced graphene takes on structural features
from the preceding CNM, which itself has taken on
features from the preceding monolayer, i.e. from mol-
ecules and surface. Structural and functional properties
are thus passed on from the molecules through their
monolayers to the nanomembranes. Our procedure is
scalable up to square meters and can produce CNMs
and graphene of defined thickness, chemical composi-
tion and pore density. We investigated how the molec-
ular size, composition, and structure of the monolayers
affect the resulting nanomembranes by employing
X-ray photoelectron spectroscopy (XPS), scanning
tunneling microscopy (STM), low-energy electron dif-
fraction (LEED), helium ion microscopy (HIM), and
aberration-corrected high-resolution transmission elec-
tron microscopy (HRTEM).

RESULTS AND DISCUSSION

First, we characterized the structure of SAMs on gold
from aromatic thiols shown in Figure 1d; Au(111)/mica
substrates were immersed into the solutions of the
precursor molecules (see Supporting Information (SI)
for details of the preparation). SAMs form due to the
making of strong bonds between the sulfur and the
gold atoms that is accompanied by van der Waals
interactions between the carbon atoms.22 To obtain
SAMs with a desired molecular packing, we can adjust

parameters like immersion time, temperature, concen-
tration, and polarity of the solvents (see SI). XPS data of
aromatic SAMs, representing diverse types of precur-
sors, are shown in Figure 2 (left). For each SAM, its
chemical composition and the thickness can be de-
rived from the binding energy and intensity of the C1s,
S2p and Au4f photoelectron signals. The sulfur signal
consists of a doublet with a S2p3/2 binding energy (BE)
of 162.0 eV, which unambiguously demonstrates the
formation of sulfur�gold bonds.23 Only for the HBC
derivatives (3b,c), the presence of a second sulfur
species with the BE of the S2p3/2 signal at 163.6 eV is
observed. This signal originates from physisorbed HBC
and/or of disulfides,24 which may be stabilized by π�π
interactions between the large aromatic cores, indicat-
ing a lower degree of order in these SAMs. Aromatic
and aliphatic carbons contribute to the C1s signal
at BEs of ∼284.2 eV and ∼285.0 eV, respectively.23

Stoichiometry and thickness as obtained from XPS
correspond to the composition of the precursor mol-
ecules, and indicate the formation of SAMs with an
“upright” molecular orientation. By varying the pre-
cursors, the thickness of the aromatic monolayers
can be adjusted from ∼6 Å for NPTH (Figure 1: 2a) to
∼24 Å for HBC�CN (Figure 1: 3c), which directly
correlates with their molecular lengths (see Figure 1a
and Table 1). In addition, the temperature and solvent
dependent intermolecular interactions of the HBC
derivatives25 allow one to tune the final SAM thickness
by varying the preparation conditions (see Table 1).
A detailed analysis of the XPS data is presented in
Table S1 (see SI).
To determine structure and surface density of the

SAMs, they were studied by STM and LEED. Figure 3
shows three molecular precursors containing different
numbers of carbon atoms per molecule � anthracene
(C14), 3-(biphenyl-4-yl)propane (C15) and terphenyl
(C18) thiols. We found that precursor molecules 1b,
1c, 2a, 2b, 2c, and 2e (see Figure 1d) form ordered
SAMs with the densely packed26 (

√
3�√

3) unit cell of
the adsorption places and with the (2

√
3�√

3) super-
structure of themolecular backbones. These structures
are clearly deduced from LEED as well as STM data (see
Figure 3) and correspond to a surface area of 21.6 Å2

per molecule. Note that for these SAMs the surface
density of carbon atoms in the monolayer can be
precisely tunedby the carbon content of the respective
molecular precursors. Short biphenylthiols (1a) exhibit
a (2 � 2) arrangement of the adsorption places, which
corresponds to a less densely packed monolayer of
28.7 Å2 per molecule.27 We did not observe the forma-
tion of LEED patterns and well-ordered SAMs by STM
for precursor molecules 2d and 2f and 3a�c. As XPS
indicates a formation of sulfur�gold bonds for all
precursors, we conclude thatmonolayers of the “bulky”
and polycyclic molecules 2d, 2f, 3a�c are less ordered
and probably less densely packed than themonolayers
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of oligophenyls (1a�c) and the small fused-ring sys-
tems (2a�c, 2e).
The next step of our process is the radiation-induced

conversion of the aromatic monolayers into 2D carbon
nanomembranes. Therefore, we irradiated the SAMs
with low-energy electrons (50 or 100 eV, see SI), using
typical doses of∼60mC/cm2, corresponding to∼3500
electrons per 1 nm2, which leads to a loss of order, as
observed in LEED and STM. It is known from previous
studies of thiol SAMs28,29 on gold, that low-energy
electron irradiation results in the cleavage of C�H
bonds. In aliphatic SAMs, this C�H cleavage is accom-
panied by conformational changes and C�C cleavage
that lead to molecular decomposition and desorption.
Conversely, after C�H cleavage in aromatic SAMs, the
delocalization of π-electrons over the σ-framework
of the aromatic ring, retains its integrity through the
irradiation process and we observe a predominant
cross-linking between adjacent molecules into a mec-
hanically stable 2D network. As suggested by UV
photoelectron spectroscopy and quantum chemical

Figure 2. XPS data of pristine SAMs and CNMs. XP spectra of C1s and S2p signals of the pristine (in yellow) and electron-
irradiated (50 eV, 60 mC/cm2) monolayers (in blue) of (a) BP3, 1b. (b) TPT, 1c. (c) ANTH, 2b. (d) 1MP, 2c. (e) HPB, 3a.
(f) HBC-Br, 3b.

TABLE 1. Effective thickness of pristine SAMs and CNMs;

carbon reduction upon electron irradiation (100 eV,

60 mC/cm2)

* Different conditions were applied for preparation of SAMs from 3b1�3 and 3c1�3.
For details see SI.
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calculations of BPT SAMs on gold (see Figure 1: 1a),
the formation of single- and double-links (C�C bonds)
between phenyl rings of the molecules prevails the
cross-linking.29 Unabling the specificity this picture is
also supported by UV�vis spectroscopy of the formed
CNMs.30 Figure 2 shows XPS data before and after
electron irradiation in the left and right parts, respec-
tively. As seen from the intensities of the C1s and Au4f
(not shown), for purely aromatic SAMs (Figure 2b�d)
the irradiation reduces carbon content and monolayer
thickness by ∼5�10%; in SAMs with aliphatic chains
up to ∼20% (Figure 2a). However, this small loss
of material is not relevant for the effectiveness of
the cross-linking. We find that the irradiation and the
subsequent molecular reorganization also affects the
sulfur�gold bonds, as indicated by the appearance of a
signal with the Sp3/2 binding energy of 163.5 eV, which
we assign to thioethers or disulfides forming after the
cleavage of S�Au bonds.
After the electron irradiation of the aromatic mono-

layers, we transferred the obtained CNMs from their
gold substrates onto perforated supports (e.g., TEM
grids)18 and imaged them with a helium ion micro-
scope31 (HIM). This novel charged particle microscopy
combines high resolution (∼4 Å) with high surface
sensitivity and the possibility to image nonconducting
ultrathin specimens.32 Figure 4 shows HIM micro-
graphs of free-standing CNMs from different types of
aromatic molecular precursors (see Figure 1d: 1�3).
Simply the fact that one can take these images demon-
strates that the SAMs of all these molecules have
been cross-linked into mechanically stable CNMs. In
Figure 4a�c free-standing CNMs from precursors 1c,
2c, and 2d are shown. These HIM micrographs were
acquired at different magnifications, demonstrating
the successful fabrication of CNMs of various lateral
sizes. The field of view in Figure 4a is 40 � 40 μm2,
which allows to observe some folds in the free-
standing 1.2 nm thick CNM. In the lower left corner of
Figure 4b, the boundary between the free-standing or
supported CNM and substrate can clearly be seen.

Figure 4c shows the field of view of 300 � 300 μm2

with a large and homogeneous CNM of a thickness of
0.8 nm. Macroscopic defects in these nanomembranes
are practically negligible on the length scale of these
images.
Since the thickness of CNMs is determined by the

precursormolecules and their packing density in SAMs,
it can be controlled by tailoring these parameters.
Figure 4 displays examples of CNMswhere the thinnest
nanomembrane is from precursor 2a with a thickness
of only 0.6 nmand the thickest one is fromprecursor 3c
with an about four times higher thickness (2.2 nm). The
opportunity to flexibly control the thickness of CNMs
opens broad avenues for the engineering of nano-
membranes. Along this path, we investigated different
CNMs by HIM and found a clear relation between pro-
perties of the precursor molecule, its SAMs and the
appearance of the ensuing CNM. If the molecule forms
a densely packed SAM (1a�c, 2a�c, 2e in Figure 1d),
the following CNM is continuous and free of holes.
Figure 4g shows a high magnification HIM image of a
homogeneous CNM made from terphenylthiol (1c).
Conversely, CNMs made from HBC (3b�c in Figure 1d)
or HPB (3a in Figure 1d) precursors, twomolecules that
possess larger sizes and form less well-ordered SAMs,
exhibit pores, cf. the HIM images in Figure 4h and
Figure 4i. The dark spots in these images are pores that
have a very small diameter and a narrow size distribu-
tion, as shown in the respective histograms (see insets).
In case of the HBC precursor the mean size of the
nanopores is ∼6 nm with the surface density of 9.1 �
1014 pores/m2; the more compact HPB precursor
shows a size of ∼2.4 nm with a surface density of
1.3 � 1015 pores/m2. The formation of nanopores in
these CNMs is thus attributed to the large van der
Waals radii of HBC and HPB structures and in the case
of HBCs to the propensity of the disk like molecules
for intermolecular stacking which competes with the
molecule�substrate interactions and lowers the order
in the respective SAMs. We also observe that the
average pore diameter decreases from 6.4 to 3.0 nm

Figure 3. Structure of pristine SAMs. STM micrographs and LEED patterns (insets) of SAMs from molecular precursor: (a)
ANTH, 2b; LEED pattern at 116 eV. (b) BP3, 1b; LEED pattern at 127 eV. (c) TPT, 1c; LEED pattern at 129 eV. For molecular
structures see Figure 1d.
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when the SAM thickness increases from 1 to 2 nm (see
SI for details).
Finally, we studied the conversion of CNMs from

various molecular precursors into graphene19 by an-
nealing them at 900 �C in ultrahigh vacuum (∼10�9

mbar) (see SI for details). Sulfur atoms, initially present
in the CNM (see Figure 1d), desorb during this treat-
ment.29 Note that a high thermal stability of CNMs is
essential for the conversion into graphene, as non-
electron-irradiated aromatic thiol SAMs desorb from
the substrate at temperatures33 (∼120 �C) that aremuch
lower than necessary for their pyrolysis. The atomic
structure of the CNMs after annealing was imaged by
aberration-corrected (AC) high-resolution transmission
electron microscopy (HRTEM) at 80 kV accelerating
voltage. The atomically resolved AC-HRTEM micro-
graphs of annealed CNMs from various precursor mol-
ecules are presented in Figure 5; in these images carbon
atoms appear dark. Figure 5a shows one of the thinnest
CNMs (0.8 nm, 3a in Figure 1d) after annealing. Most of
the sheet area consists of single-layer graphene (∼50%,

light-blue color coded) with the clearly recognizable
hexagonal arrangement of carbon atoms; randomly
oriented graphene nanocrystallites are connected with
each other via the typical heptagon�pentagon34 grain
boundaries (see inset to Figure 5a). A small fraction
of the sheet (∼20%, light green color coded) consists of
graphene double-layers, which reveals the respective
moiré pattern.35 Gray and light-red areas correspond
to the disordered carbon and holes, respectively; pen-
tagons (green) and heptagons (blue) are marked. The
thickness of the formed graphene sheets depends on
the structure of the precursor molecules and their
abilities to form SAMs and to be cross-linked into CNMs.
As seen in Figure 5b�g, graphene sheets from various
precursors have the same nanocrystalline morphology
as in Figure 5a; however, their thickness varies by a
factor of ∼3, depending on the precursor. This visual
impression was confirmed by measuring the film thick-
ness by quantitative electron energy loss spectroscopy
(EELS) at the carbon K adsorption edge36 (see SI,
Table S2). The structural transformation of CNMs into

Figure 4. Helium ion microscope (HIM) micrographs of free-standing CNMs. After cross-linking the nanomembranes were
transferred onto TEM grids and images were taken at different magnifications (see scale bar). CNMs were prepared from: (a)
TPT, 1c; (b) MP1, 2d; (c) 1MP, 2c; (d) NPTH, 2a; (e) BP3, 2b; (f) HBC�CN, 3c; (g) TPT, 1c; (h) HBC-Br, 3b; (i) HPB, 3a; the upper left
insets show the precursormolecules. The CNM in a is suspended over a gold TEMgrid, CNMs in (b�f) over copper grids, CNMs
in (g�i) over Cu grids with thin carbon film. The numbers in the lower left corners in (a�g) indicate the CNM thicknesses, as
determined from XPS before the transfer. HIM images (h and i) show CNMs with nanopores, the lower insets show the
respective distributions (in %) of pore diameters (in nm).
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graphene has a drastic impact on the electrical proper-
ties. Being initially dielectric, with a band gap of ∼4 eV
for CNMs from biphenylthiols29 (1a in Figure 1d), an-
nealing at 900 �C results in the conversion into con-
ductive graphene with a sheet resistivity of ∼100�
500 kΩ/sq. The resistivity correlates with the thickness
of the graphene sheets, with lower resistivity for the
thicker sheets.
The above results clearly demonstrate that our

procedure is a modular and broadly applicable con-
struction scheme to fabricate nanomembranes that
adopt properties from their precedingmolecularmono-
layers. As the process utilizes electron-beam exposures,
the size of the irradiated area can be varied. With a
flooded (defocused) exposure, large area (up to m2)
CNM and graphene sheets can be fabricated. With a

focused electron beam lithography exposure, micro-
and nanometer sized sheets can be written.37 In this
study only thiols on gold were investigated; however,
the fabrication of nanomembrane and graphene
sheets can be expanded to a variety of other metal sur-
faces using sulfur-, nitrogen-, or phosphorus-containing
surface active compounds as well as onto insulator and
semiconductor substrates using hydroxy-38 or silane-
derivatives.17 This flexibility allows a direct growth of
CNMor graphene on technologically relevant substrates.
In order to become nanomembranes, the SAMs first

need a stable scaffold that is rigid enough to sustain
the electron irradiation and that can form inter-
molecular cross-links. Second, they have to possess a
sufficient density of carbon atoms. These conditions
are fulfilled by SAMs with a fair amount of aromatic

Figure 5. Atomic structure of CNMs of various thicknesses after conversion into graphene. Aberration-corrected high-
resolution transmission electronmicroscope (AC-HRTEM) images at 80 kVof graphene samples, prepared from (a) HPB, 3a. (b)
biphenylthiol, BP3, 1b. (c) BPT, 1a. (d) 1MP, 2c. (e) ANTH, 2b. (f) TPT, 1c. (g) HBC-Br, 3b. Regions of different layer thicknesses
are color coded: single layers - light blue; double layers - light green; holes - light red. The insert in (a) shows amagnified grain
boundary where arrangements of carbon atoms into pentagons (green) and heptagons (blue) are marked. For structures of
the molecular precursors see Figure 1d.
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groups. While SAMs from all molecules in Figure 1d
can be converted into nanomembranes, monoaryl or
short molecules such as pyridine-4-thiol and anthra-
cene-9-thiol cannot. The shortest precursor that led to
CNMs and graphene sheets was naphthalene-2-thiol
(Figure 1d: 2a) consisting of two fused benzene rings.
Remarkably enough, the thickness of the formed
sheets correlates with the density of carbon in the
SAMs and with the packing of the constituting mol-
ecules. By selecting appropriate precursor molecules,
large areas of single-layer graphene can thus be pro-
duced. Polycyclic aromatic hydrocarbons (Figure 1d:
2a�f) led to thicker CNM and graphene sheets than
oligophenyls with the same surface density of carbon
atoms (Figure 1d:1a�d). Pristine SAMsofhigh structural
quality result in the homogeneous CNM and homoge-
neous graphene sheets (see Figure 4g), whereas SAMs
of low structural quality result in sheets with nanopores
(Figure 4h, Figure 4i). The size of the resultingnanopores
is quite small and varies from ∼1 to 10 nm (see SI), as
it mainly depends on the precursor molecules and
their packing density in the SAMs; one may tailor the

CNMs for applications in ultrafiltration.39 Some CNMs
can form Janus nanomembranes40 with two distinct
faces possessing amino- and thiol-groups, respectively,
allowing selective chemical functionalization on both
faces. A chemical functionalization of CNMs, together
with opportunities to mix precursor molecules, opens
many doors to engineer novel 2D hybrid materials.

CONCLUSIONS

We have presented a universal and scalable route to
ultrathin free-standing carbon nanomembranes and
graphene using aromatic molecules as precursors. The
properties of the resulting sheets can be flexibly
adjusted including their thickness, conductivity, che-
mical functionalization, and appearance of nanopores.
We expect that, due to its simplicity and universality,
the approach will have a strong impact on (1) the
rapidly growing field of free-standing 2Dmaterials and
facilitate their incorporation and application in NEMS
devices and (2) the separation of molecules as metal-
free catalysts orwhenproperly functionalized as bio- or
chemically sensing coatings.

EXPERIMENTAL METHODS
Samples Preparation. Molecular precursors used in this study

are commercially available (1a and 2a) or were specially
synthesized (1b�c, 2b�f, 3a�c). SAMs were prepared by
immersion of 300 nm thermally evaporated Au on mica sub-
strates into the respective solvents (see SI for details). Cross-
linking was achieved either in an ultrahigh vacuum (UHV)
(<10�9 mbar) chamber or in a high vacuum (HV) (<5 � 10�7

mbar) chamber employing 50 and 100 eV electrons, respec-
tively, and a dose of ∼60 mC/cm2. All XPS, LEED, and STM
measurements were conducted on samples cross-linked in situ
in the UHV chamber of XPS. For HIM and TEM measurements
both samples cross-linked in the UHV chamber and in the
HV chamber were employed. Transfer of CNMs and graphene
onto TEM grid was conducted by spin-coating on their surface
500-nm-thick layers of poly(methyl methacrylate) (PMMA),
etching the original gold substrates, transferring the CNM/PMMA
or graphene/PMMA sandwiches onto TEM grids, and dissolving
PMMA in acetone using a critical point dryer.18 Annealing of the
samples mounted in molybdenum sample holders was con-
ducted for 30 min at 900 �C in an UHV chamber (5� 10�9 mbar)
using heating/cooling rates of 400 �C/h.

Characterization. The as-prepared SAMs and CNMs were ana-
lyzed by XPS, STM, and LEED in a multichamber UHV-system
(Omicron). STM images were obtained using electrochemically
etched tungsten tips, with tunneling currents of 30�50 pA and
bias voltages of 300 mV. LEED patterns were recorded using
a BDL600IR-MCP instrument (OCI Vacuum Microengineering)
with a multichannel plate (MCP) detector with the electron
beam currents below 1 nA. XPS was performed using a
monochromatic X-ray source (Al KR) and a Sphera electron
analyzer (Omicron) with a resolution of 0.9 eV. HIM was
conducted with a Carl Zeiss Orion Plus. The Heþ ion beam
was operated at 33�37 kV acceleration voltage at currents of
0.2�0.4 pA. A working distance of 8�22 mm was employed,
and secondary electrons were collected by an Everhart-
Thornley detector. AC-HRTEM characterization was con-
ducted with an aberration-corrected FEI Titan microscope
operated at a beam energy of 80 kV to minimize knock-on
damage and equipped with a postcolumn Gatan energy filter
for local EELS analysis. Electrical measurements were done by

a standard four-point setup using Suess probes and a Keithley
source-measure unit.

Full Methods are available in the Supporting Information.
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