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Atomically resolved TEM imaging of covalently functionalised
graphene
Christian Dolle 1,6, Peter Schweizer1,6, Daniela Dasler2,3, Sebastian Gsänger 4, Robert Maidl4, Gonzalo Abellán 2,3,5, Frank Hauke2,3,
Bernd Meyer 4, Andreas Hirsch 2,3 and Erdmann Spiecker 1✉

Covalent functionalisation can be a powerful lever to tune the properties and processability of graphene. After overcoming the low
chemical reactivity of graphene, covalent functionalisation led to the generation of new hybrid materials, applicable in a broad
variation of fields. Although the process of functionalising graphene is nowadays firmly established, fundamental aspects of the
produced hybrid materials remain to be clarified. Especially the atomically resolved imaging is only scarcely explored. Here we
show aberration corrected in situ high resolution TEM imaging of dodecyl functionalised monolayer graphene at atomic resolution
after an effective mechanical filtering approach. The mechanical filtering allows to separate adsorbed contamination from the
covalently bound functional molecules and thus opens the possibility for the observation of this hybrid material. The obtained data
is validated by DFT calculations and by a novel image simulation approach based on molecular dynamics (MD) simulations at room
temperature.
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INTRODUCTION
Chemical functionalisation is an excellent way to alter and
improve graphene’s properties1 leading towards applications in
optoelectronics2, sensing3, and energy conversion and storage4, to
name a few. Especially covalent functionalisation has been proven
tremendously useful for opening a bandgap5 or inducing
magnetic behaviour in monolayer graphene6. Furthermore, using
a wet-chemical approach to functionalise graphene also presents
a straightforward way to scale up the process. This approach has
been continuously improved to overcome challenges such as
graphene’s low chemical reactivity7. While spectroscopic and
chemical evidence of covalently functionalised graphene has been
well established8, direct imaging of single molecules attached to
graphene has only been achieved by localised in vacuo
functionalisation9,10. High-resolution imaging of wet-chemically
functionalised graphene is, however, necessary to understand key
factors, such as spatial homogeneity of addends and the degree of
functionalisation.
Here we show atomically resolved transmission electron

microscopy (TEM) imaging of dodecyl-functionalised freestanding
monolayer graphene. We use a mechanical cleaning approach11,
that can also work as an effective filter to separate covalently from
non-covalently bound moieties. The high-resolution imaging is
backed up and compared to extensive molecular dynamics (MD)
and image simulations. We find that the functionalised graphene
hybrid can be studied in situ for up to several minutes and we can
estimate an overall degree of functionalisation. The surprising
stability is explained by the size of the synthesised macromolecule
that allows to study beam induced rearrangements for prolonged
periods of time. Finally, silicon impurities in graphene are

discussed as possible alternative explanation for the observed
contrasts.

RESULTS AND DISCUSSION
A deliberate tuning of the properties of graphene can be achieved
by introducing functional molecules covalently anchored to the
basal plane. The generation of isolated sp³ defects was shown to
induce a band gap12, generate binding sites for protein probing13,
and even leads to a tuneable generation of magnetic behaviour in
graphene6,14.
While covalent functionalisation has been widely studied, the

data on detailed atomically resolved descriptions of such hybrid
materials are extremely scarce. The generation of functionalised
graphene is either achieved by gas-phase reactions with reactive
precursors or, as in this case, following a wet-chemical functiona-
lisation approach employing solubilised reagents15,16. The wet-
chemical route is easily upscaleable but a subsequent atomic
resolved investigation of the produced material is conventionally
hampered by extended surface contamination.
For a deeply fundamental understanding of functionalised

graphene, we deliberately introduced dodecyl chains that are
covalently bound to suspended monolayer CVD graphene and
investigated the hybrid material in atomic resolution using high
resolution TEM (HRTEM). Therefore, we directly functionalised free-
standing graphene membranes, which can be cleaned and viewed
in TEM directly after the synthesis (see Fig. 1a for the general
approach). The functionalisation is achieved using a reductive
alkylation of chemically charged graphene with dodecyliodide8

(see Fig. 1b). Chemical activation is performed by drop casting a
Na/K-DME solution after which dodecyl iodide, as reactive agent
was added (see Fig. 1c, d). The reagents were rinsed with DME
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after 15 min of reaction time (details of the functionalisation
procedure can be found in the Methods Section). Unavoidably,
residuals from the synthesis accumulate on the graphene surface,
necessitating a cleaning method that leaves the graphene-hybrid
intact while removing physisorbed contaminants. An in situ
mechanical cleaning and filtering method (detailed below) is
employed that can be directly followed up with imaging, without
exposing the specimen to further sources of contamination.
Raman spectroscopy measurements performed directly on the

TEM grid before (Fig. 1e) and after (Fig. 1f) the functionalisation
reveal a drastic increase in D band intensity at approximately
1350 cm−1, as well as the appearance of a distinct D’ signal at
1622 cm−1 and the occurrence of D+ D’ at 2930 cm−1. This clearly
indicates a structural alteration of the graphene substrate, induced
by the reactive dodecyl precursor. The local re-hybridisations from
an all-sp² system to isolated sp³ hybridised C−C bonds is induced
by the covalent attachment of dodecyl chains to the graphene
basal plane17. The C−C bonds are established between one of
graphene’s carbon atoms and the terminal positions of the
employed dodecyl precursors8,18, where the iodine leaving groups
were formerly located.
As the addition proceeds via a radical-mediated reaction,

involving one electron from graphene’s π-system19, an unpaired
electron is remaining after the addition of the dodecyl moiety. For
this unpaired electron, the following scenarios can be considered:
persistence of a stabilized radical, transformation to an ion, or an
additional functionalisation. To investigate the likelihood of these
scenarios, we performed DFT calculations on the cleavage energy
of the established C−C bond (see Supplementary Fig. 1 and
Supplementary Table 1 for an overview). A radical or ionic
stabilisation results only in a very weak C−C bond between
graphene and the dodecyl moiety (0.01 to 0.3 eV), in contrast to a
second functionalisation, which strongly increases the bond
strength. The strongest bond considered here is created through
a pairwise addition of dodecyl and hydrogen on neighbouring
(1,2)-positions in an anti configuration, with a C−C bond strength
of 1.55 eV. Other binding motifs, for instance, saturation with a
second dodecyl, also result in a reasonable bond strength. Due to
the cleaning and filtering method (detailed below) we can rule out
weakly bound binding motifs with an energy that is in the range

of or only slightly above that of van der Waals forces. We therefore
only consider the case of double functionalisation in the following,
with a focus on hydrogen saturation.

Mechanical cleaning and filtering
One inherent consequence of producing materials through wet-
chemical processes is the inadvertent occurrence of contamina-
tion, e.g. hydrocarbons contained in solvents. The existence of
those contaminants is mainly accounted to background noise in
established analytical procedures, while in atomically resolved
solid state investigations (TEM, AFM, STM), these residues render
the in-depth study of wet-chemically synthesised materials
extremely challenging. In our synthesised graphene-dodecyl
hybrid, the contamination remains ubiquitous, even though the
reactions were carried out under strict inert conditions in a glove
box, using highly purified solvents and reagents. The contamina-
tion can be seen as a thin amorphous film on both sides of the
freestanding graphene-dodecyl membranes (see Fig. 2b and
Supplementary Fig. 2). This coverage obviously obstructs the
detailed microscopic investigation of the local structure of
molecular addends. To alleviate this problem, the contamination
needs to be removed while keeping the graphene-dodecyl hybrid
intact. Common approaches to remove physisorbed contamina-
tion from a freestanding graphene (or any other 2D material)
surface are based on thermal annealing20,21, plasma cleaning22,
local laser irradiation23 or chemical activation24. All of these
methods, however, can introduce a sufficient amount of energy
leading to a cleavage of the covalent bonds8,18.
Instead of these methods, here we employ a purely mechanical

in situ cleaning approach in the TEM11 which functions also as a
filtering device (schematic representation in Fig. 2a, setup and tip
preparation in Supplementary Fig. 3). Concretely, the removal of
surface adsorbents is accomplished by bringing a fine gold tip in
physical contact with the graphene surface and moving it in a
sweeping manner. This procedure is performed on both sides of
the graphene membrane. In Fig. 2b remaining amorphous
contamination during the cleaning process is visible, while after
the complete removal in Fig. 2c, the membrane, suspended over
the hole of a Quantifoil substrate, appears completely featureless

Fig. 1 Experimental setup, functionalisation and Raman characterization. a Graphical representation of the experimental procedure:
graphene is covalently functionalised, mechanically filtered, and subsequently imaged using HRTEM. b Basic reaction pathway of covalent
functionalisation using dodecyl iodide on graphene. c Free-standing graphene on TEM grids is used for the functionalisation procedure.
d Eutectic Na/K alloy used in the synthesis. e Raman spectroscopy point measurements on the free-standing graphene before
functionalisation show a negligible intensity of the defect-induced D band. f After covalent functionalisation the binding of dodecyl to
graphene’s basal plane induces local re-hybridisations from sp² to sp³ and thus a remarkable increase of the D-band intensity. The appearance
of D’ and D+D’ bands are a clear indication of the successful covalent addition of the dodecyl precursors by supratopic addition.
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and thus atomically clean on an area of ca. 5 μm² (in situ cleaning
shown in Supplementary Movies 1 and 2). The process is unique
regarding the selectivity in removing physisorbed contamination:
the typical energy of cohesive bonds in graphitic systems is in the
range of 40meV per atom25, which is much lower than the ~1 eV
of the covalent bond between a dodecyl chain and graphene (see
Supplementary Table 1). This energy difference enables a
selectivity of the mechanical cleaning method, transforming it
effectively into a filtering method as well. To ensure the stability of
the covalently bound moieties during the mechanical filtering
process, we conducted Raman spectroscopic measurements after
the mechanical removal of the surface contamination and can
clearly state that no bond cleavage is generated by our presented
approach (see Supplementary Figs. 9 and 10).

Imaging and image simulations
After cleaning and filtering, HRTEM imaging reveals several
localised contrast features within the graphene lattice as shown
in Fig. 2d, e. We take this as a first microscopic hint to identify
these features as covalently bound molecules, based on a
simulation assisted analysis. At first glance, the contrasts in the
images may not appear to fit to an alkyl chain as they are spot-
like rather than chain-like. However, it has to be taken into
account that the measurements were taken at room tempera-
ture, which enables thermally activated rapid motion of the
attached molecules. This motion cannot be directly included
into conventional HRTEM image simulations, which only
account for lattice vibrations in crystalline solids using, e.g.,
the frozen phonon approximation26. Instead, here we use a
unique combination of molecular dynamics (MD) and HRTEM
image simulations to include thermally driven molecular
motions. Classical force-field MD simulations performed at
300 K show that dodecyl chains attached to graphene pivot
around their site of attachment (see Fig. 3a and Supplementary
Movie 3) within picoseconds. During the time frame of HRTEM

image acquisition (0.5 to several seconds), the molecules can
therefore ‘rotate’ around the attachment site millions of times,
which means that the images capture an average of many
different states of the molecule. Due to the proposed saturating
H atom, the orientation of the dodecyl chain is biased to one
side (Fig. 3b), however, overall the dodecyl carbon atoms are
distributed fairly evenly (see Supplementary Fig. 4 for other
binding motifs). To be able to account for the molecular motion,
we used up to 30,000 individual frames of each 50 ns MD
trajectory as input for HRTEM image simulations (see Supple-
mentary Movie 4 and Supplementary Fig. 5). For each selected
frame an image is simulated with different defocus values (see
Fig. 3c). Averaging all images with the same defocus parameter
leads to a final simulated image that includes the rapid motion
of the molecules (see Supplementary Movie 5 for the averaged
image in relation to the defocus). In this image the remaining
contribution of the dodecyl molecule to the HRTEM image
contrast is mainly due to the “static” part of the chain, which
consists of the first carbon atoms in the dodecyl chain where
the covalent bond to the graphene substrate is established. The
rest of the chain essentially “disappears” due to its fast motion.
As a side benefit of this simulation approach, thermal vibrations
of the graphene lattice are also directly included in the image
simulations. With this robust simulation setup, it is now possible
to compare experimental and simulated images. Across
different defocus values (see Fig. 3d–f), we obtain a fairly good
agreement between image and simulation. Considering the
different possible binding motifs, we find that a single dodecyl
(with and without saturating hydrogen) gives the best fit
between image and simulation (see Supplementary Fig. 6 for a
comparison). The saturating hydrogen does have a small effect
on the overall contrast, however, due to its invisibility and
instability in TEM we cannot draw a definite conclusions about
its long term presence.

Fig. 2 Mechanical filtering and HRTEM investigation of dodecyl functionalised graphene. a Schematic representation of the cleaning
approach. A tip is pressed onto the graphene surface and removes physisorbed contaminations while leaving covalent bonds intact. b TEM
image acquired during the in situ cleaning process. c The same window after the process, showing no traces of residual contamination.
d HRTEM image of the cleaned area showing several contrast features. e Magnified views from d showing molecular attachment sites (black,
blue, purple) and the pure graphene lattice (red).
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Dynamics of functionalised molecules during imaging
By the presented combination of ex situ chemical functionalisa-
tion, in situ mechanical filtering, high-resolution electron micro-
scopy and simulation, we are able to postulate the presence of
individual alkylic molecules, covalently bound to graphene.
Moreover, based on overview HRTEM data (e.g. Figure 2d), we
evaluated the area coverage of dodecyl groups to 0.06%, while the
degree of functionalisation for comparable systems was shown to
be ca. 0.1%27,28. In accordance with the presented Raman
experiments, the mean “defect” distance should be ca. 7 nm for
an ID/IG ratio of 2.3, as reflected in the data29.
As the captured contribution of the functional moieties

essentially only consists of the first static carbon atom, another
plausible interpretation of the observed contrasts is the imaging
of individual substitutional heteroatoms, such as silicon, com-
monly found in graphene. From only HRTEM data taken under the
challenging conditions of the present in situ study (using a STM
holder with limited mechanical stability) one cannot unambigu-
ously distinguish between the two interpretations, as only subtle
contrast differences are expectable that become almost indis-
cernible if the saturating functionalisation with hydrogen is lost
(see Supplementary Fig. 8 for a direct comparison). However, here
the potential of dedicated in situ microscopy proves itself useful,
as it allows to record the structural changes presented in Fig. 4 on
a fast enough timescale to practically exclude the imaging of
heteroatomic impurities (see Supplementary Movie 7 for the
unfiltered movie).
The long-term stability under the applied imaging conditions

and the observed dynamic behaviour of the molecules therefore
needs further analysis. For the local investigation of the functional
sites, a dose rate of 0.1 C cm−2 s−1 is subjected to the illuminated

area of the specimen. Generally, the hybrid material can withstand
accumulated doses of up to 5 C cm−2 (50 s of high intensity
illumination) before the contrast vanishes and a pristine graphene
lattice remains. Interestingly, the defunctionalisation is also
achievable by laser irradiation during Raman experiments
contained in Supplementary Fig. 10. The high-energy electrons
used in TEM are well known to have a detrimental effect on
organic molecules, as they can knock-out hydrogen atoms and
scissor/establish covalent bonds. We can therefore expect a
profound effect of the electron beam on the functionalised
molecules during continued imaging. Indeed, the critical doses for
the disintegration of organic molecules is much lower than in our
presented experiments, with a critical dose of around 0.5 C cm−2

for carbon loss in PMMA30. We address the higher stability of our
hybrid material to the high conductivity of the graphene substrate
and, more importantly, the size of the synthesised macromolecule.
The covalent attachment of the dodecyl moieties at specific
carbon atoms in the graphene framework classifies the resulting
material as a de-facto macromolecule that allows stabilization of
beam induced damage structures by mesomeric effects. It has
been shown by Skowron et al.31, that graphene patches of minor
sizes are tending to form edgeless fullerenes under electron
illumination, depending on the dimensions. Contrarily, the here
presented hybrid material is extremely large without defined
edges. Also, the possibility of internal atomic reorganisations after
partial dehydrogenation (Supplementary Fig. 7) of the functional
moiety will substantially enhance the hybrids’ stability. For all
molecules we find that exposure to the electron beam for
extended periods of time results in the complete removal of the
dodecyl chain, leaving a pristine graphene membrane behind.
This very fact is also a further indication of the covalent addition of
dodecyl chains to an otherwise unchanged lattice of graphene.

Fig. 3 MD simulation and dynamic HRTEM image simulation approach. a Graphical representation of the setup used in the MD simulations.
A dodecyl chain is attached to a graphene sheet and can move due to thermal vibrations. b 2D histogram of the probability distribution of the
dodecyl carbon atoms above the graphene sheet, extracted from a 50 ns MD simulation. c Two MD snapshots after 0 and 10 ns and
corresponding image simulations at −5 nm and −17 nm defocus. Averaging over the entire trajectory leads to a much smaller footprint of the
molecule (bottom row). d–f Experimental images and corresponding simulated images for different defocus values show a good agreement.
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Before final detachment, however, a plethora of dynamic move-
ments, molecular migrations and state changes can be observed.
Figure 4 demonstrates one such migration (see also Supplemen-
tary Movie 6 & 7).
One example of such concerted movement of mass on the

graphene substrate can be followed over time and the temporal
stability (as indicated by the progressing illumination time at an
electron dose rate of 106 e/nm² s−1) clearly points to a covalent
stabilisation of the molecule in each state, involving the
breaking and the subsequent formation of a C-C bond between
the molecule and the graphene substrate32,33. While the
dodecyl moiety is bound at its initial site in Fig. 4a, the result
of a jump after 2 s (0.2 C cm−2) of electron illumination towards
the next site is observed. The change of bonding sites is
accompanied by the alteration of the localised contrast
produced by the addend. While the imaging of a Si impurity
is another plausible way of interpreting the data, especially
under the high electron doses, the asymmetric contrasts
reproduced in Fig. 4 can hardly be matched by the symmetric
image contrasts generated from a single atomic impurity (see
Gaussian filtered images, Supplementary Fig. 8). The contrast
alteration indicates structural changes to the molecule, which
are most probably an effect of beam-induced dehydrogenation
of the dodecyl chain9,34. Interestingly, the generated contrasts
at each binding site are highly comparable (Fig. 4a, d, b, e, c, f),
indicating similar structural conformations at each respective
binding site. In the presented example, we observed 5
molecular jumps in a seemingly clockwise fashion, with the
individual conformations being stable for several seconds. After
more than 45 s of electron beam illumination (total dose
4.5 C cm−2), desorption of the remaining addend leads to a re-
establishment of pristine and defect-free graphene, where the
retro-functionalisation does not cause the generation of point
or extended defects. Even though non-destructive retro-
functionalisation has been also reported for impurity atoms
35–37, we consider our interpretation of capturing the rearran-
gement and retro-functionalisation of the molecular moieties
more plausible as the functionalization has been realized via a
well-established wet-chemical route and our microscopic
observations are backed up by the MD analysis of possible
stabilisation pathways after the electron-beam induced dehy-
drogenation of the hybrid material (see below and Supplemen-
tary Fig. 7 and Supplementary Table 2).
The observed molecular motion is most likely related to an

electron beam induced cleavage of C-H bonds but could also be

an intrinsic property of functionalised graphene. Concerning the
former case, the probability for a dehydrogenation of the alkyl
chain is high, taking the elevated doses of electrons with a primary
energy of 80 keV into account. Nevertheless, as observed in Fig. 4,
the functional group is not instantly detached but undergoes
several positional changes before a retro-functionalisation is
effective. To further investigate this, we conducted an ab initio
MD study of a hexyl-graphene hybrid, showing that, depending
on the relative position of the dehydrogenation, a plethora of
novel, stable conformations can appear (see Supplementary Fig. 7
and Supplementary Table 2). When removing two hydrogen
atoms at random positions to simulate electron beam induced
knock-off, the alkyl chain remains attached to the graphene in
most cases (~96% probability) by forming additional bonds within
the chain or with the graphene substrate. Among the novel
conformations we encountered cyclisation of the alkyl chain
towards graphene (~25% probability) that might be responsible
for the contrasts shown in Fig. 4. The similar structural
conformations at the different binding sites may also indicate
that a migratory process could also be an intrinsic effect of
functionalised graphene. Indeed, recent investigations of ther-
mally induced retro-functionalisation of a dodecyl-graphene
hybrid8 and theoretical studies of functionalised extended π-
systems38 already point towards the tendency of a migration of
molecular addends within the π-system to achieve a position of
global minimum energy.
In conclusion, we presented an extensive electron microscopy

study of covalently functionalised freestanding monolayer gra-
phene, wherein we were able to resolve individual molecular
addends at atomic resolution. To image the locally constrained
molecules, we employed a dedicated mechanical in situ cleaning
and filtering approach that allows to remove residuals from the
wet-chemical synthesis. We verified our findings by the inclusion
of thermally-induced motion of the alkyl chains for image
simulation based on MD simulations. The obtained results indicate
a dynamic rearrangement of the functional groups on the surface
of graphene under electron beam irradiation. This study paves the
way for further in-depth investigations of other 2D materials
beyond graphene and will enable fundamental insights into the
nature of covalent functionalisation in the 2D limit. Moreover, a
thorough understanding of the dynamic behaviour down to the
atomic level will help to control the physical properties, boosting
novel device concepts based on 2D materials.

Fig. 4 Molecular migration of a dodecyl addend. a–f Raw (top, with time and accumulated dose given as inset) and Gaussian filtered
(bottom) experimental HRTEM images show the motion of a dodecyl group. During the migratory motion, the molecule repeatedly assumes
similar states (compare a to d, b to e and c to f), while always staying centred on one hexagon. After a prolonged period of time (>45 s) the
molecule detaches and leaves behind a perfect graphene lattice.
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METHODS
Graphene preparation
Freestanding monolayer graphene samples on Quantifoil grids were
prepared from PMMA coated Trivial Transfer Graphene supplied by ACS
Materials. The CVD graphene is delivered on a hydrophobic substrate that
can be infiltrated by water to release the graphene with a PMMA transfer
layer to float upon water. The film was picked up by a filter paper and cut
in 2 × 2mm2 rectangles, floated again on water and picked up with
precleaned Quantifoil TEM grids with hole diameters of nominally 2 μm.
The Quantifoil grids were cleaned by subsequent washing in chloroform,
acetone and iso-propanol to dissolve mobile silicates from the amorphous
Quantifoil film. After fishing the graphene/PMMA flakes from the water
surface, the grids were dried on a hotplate at 100 °C for 10min to enhance
the contact between the sample grid and the graphene/PMMA flake.
PMMA was dissolved in acetone by immersion in aceton followed by a
washing step in aceton vapour under reflux for 2 h.

Graphene functionalisation
The TEM grid functionalisation was carried out in an argon filled
LABmasterpro glove box (MBraun), equipped with a gas purifier and
solvent vapour removal unit. The working conditions are <0.1 ppm for
oxygen and <0.1 ppm for water. In the glove box, 150mg Na/K alloy were
dissolved in 5mL absolute DME and stirred for 1 h. 30 μL of the deep blue
Na/K solution were used to activate the CVD graphene. Afterwards, 30 μL
of pure dodecyl iodide were added. The reaction was aborted after 15 min
by removing the reactants with 50 μL absolute DME.

Raman spectroscopy
The Raman spectroscopic characterisation was carried out on a Horiba
Jobin Yvon LabRAM Aramis. A laser with an excitation wavelength of
532 nm and a D2 filter (laser energy 0.17 mW) was used. The spectrometer
was calibrated in frequency using crystalline graphite before the
measurement. The TEM samples were measured with an Olympus LMPlan
N 100x/0.90 objective, a 600 grating and 2 s acquisition time. The used
software was LabSpec 6.

Simulations
The classical molecular dynamics simulations were done with the LAMMPS
software package39 using the generalised Amber force field (GAFF)40. A single
dodecyl chain was added to an orthorhombic (15 × 8√3) unit cell of graphene
(480 carbon atoms). The simulations were performed in the canonical
ensemble using a time step of 1 fs and a Nosé-Hoover thermostat enforcing a
temperature of 300 K. Three sets of simulations were carried out: with an
unsaturated single dodecyl chain, and with a chain saturated either by an
additional H atom or a second dodecyl, both in the (1,2)-anti position with
respect to the first addend. The systems were first equilibrated for 1 ns,
followed by a production run of 50 ns. From the trajectories of the production
runs 2D histograms of the probability distribution of the dodecyl carbon atom
positions above the graphene plane were derived. The graphene plane was
divided into quadratic bins with size of 0.1 Å and the number of trajectory
frames with a dodecyl carbon atom above or below each bin was recorded
(see Supplementary Fig. 4).
The DFT calculations were carried out with the plane-wave code PWscf

of the Quantum Espresso software package41 using the Perdew-Burke-
Ernzerhof PBE exchange-correlation functional42 together with Gimme’s
semiempirical D3 dispersion correction with Beck-Johnson damping43,44.
The interaction between electrons and ionic cores was described by
Vanderbilt ultrasoft pseudopotentials45 with a plane-wave kinetic energy
cutoff of 30 Ry for the expansion of the wave functions. Calculations were
done for different addition patterns of alkyl chains and H atoms on neutral
and charged graphene (see Supplementary Table 1). Graphene was
represented by an orthorhombic (10 × 5√3) unit cell (200 carbon atoms),
and the length of the alkyl chain was reduced to three (propyl). The
strength of the C-C bond between the alkyl chain and the graphene sheet
is characterized by its cleavage energy EC�C

cleav, which was calculated as
energy difference between the functionalized graphene Efunctgraph and the two
fragments of the alkyl radical in the gas phase Ealkylmol and the remaining
graphene Erestgraph after the cleavage of the C-C bond:

EC�C
cleav ¼ Ealkylmol þ Erestgraph � Efunctgraph�

In addition, we calculated the combined binding energy of all addends

Ebind ¼
X

Eaddendmol þ Egraph � Efunctgraph:

In the case of the unsaturated functionalization with a single addend,
Ebind is identical to the cleavage energy.
The Car-Parrinello ab initio molecular dynamics simulations were done with

the new performance-optimized version of the CPMD software (www.cpmd.
org)46, using the same functional, dispersion correction and pseudopotentials
as in the geometry optimisations. The time step was 0.145 fs and the fictitious
mass for the electron degrees of freedom was set to 700 a.u. A hexyl/
hydrogen pair was added in a (1,2)-anti position to an orthorhombic (6 × 3√3)
unit cell of graphene (72 carbon atoms). First a 72.6 ps simulation in the
canonical ensemble at 300 K was performed by using Nosé-Hoover
thermostats. Five configurations were chosen from the trajectory and from
each of these snapshots randomly selected pairs of H atoms were removed to
simulate electron beam induced knock-off of H atoms. Altogether, 105
configurations were created, for which the MD was continued for another
10.2 ps. A variety of chemical reactions occurred. Some examples of final
configurations are shown in Supplementary Fig. 7 and a detailed analysis of
the final reaction products is given in Supplementary Table 2.

Electron microscopy
Aberration corrected transmission electron microscopy was carried out
using a FEI Titan Themis³ 300, operated at 80 kV to exclude knock-on
damage to graphene. The spherical aberration coefficient was tuned to
−10 μm and the Wien-type monochromator was excited to 1200 V to
lower the chromatic aberration during high-resolution imaging, achieving
an energy spread of ca. 200 meV. Image series were recorded with
acquisition time of 500ms on a FEI Ceta CMOS camera binned to 2k × 2k
pixel and post-processed afterwards.

In situ cleaning
Amorphous contamination was removed from the surfaces of graphene by
guiding an anodic etched gold double tip subsequently over the upper
and the lower surface of the graphene film11. In situ cleaning was
performed using a Nanofactory STM holder with the double tip mounted
on the piezo-controllable spider hat. The TEM grid was cut in half using a
razorblade, glued to a gold wire and fixed in the immobile STM mounting
chip. The spider was controlled from the operator room while recording
image series on the CMOS camera of the microscope.

Image processing
The image intensity equalisation was performed using a gamma correction
function in combination with a brightness and contrast adjustment
implemented in Python with the help of the OpenCV library. The image
registration was done by calculating the discrete cross-correlation function
between subsequent images. The peak of the correlation function was
fitted using a two-dimensional Gaussian function to retrieve sub-pixel
image shifts. Aligned frames were then averaged using a mean function.

Image simulation
Supercell HRTEM image simulations were performed using the simulation
library provided by Kirkland26. For the dynamic simulations a wrapper
programme was implemented in python. This programme automatically
translates a molecular dynamics trajectory into single supercell states that
are then used as a basis for image simulations using the Kirkland library. In
the image simulations the following parameters are used: electron energy:
80 keV, Cs: −10 μm, opening angle: 25 mrad, Illumination semi-angle:
0.1 mrad, defocus spread: 2.5 nm. The defocus is varied during the
simulation of each state. Finally, all images corresponding to one defocus
from one MD trajectory are averaged using a mean function.

DATA AVAILABILITY
All data is available from the corresponding author upon reasonable request.
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