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Electron beam controlled covalent attachment of
small organic molecules to graphenet
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Xinliang Feng,® Klaus Mullen,® Andrey Turchanin,® Andrei N. Khlobystov,? Ute Kaiser®
and Elena Besley*®

The electron beam induced functionalization of graphene through the formation of covalent bonds
between free radicals of polyaromatic molecules and C=C bonds of pristine graphene surface has been
explored using first principles calculations and high-resolution transmission electron microscopy. We
show that the energetically strongest attachment of the radicals occurs along the armchair direction in
graphene to carbon atoms residing in different graphene sub-lattices. The radicals tend to assume vertical
position on graphene substrate irrespective of direction of the bonding and the initial configuration. The
“standing up” molecules, covalently anchored to graphene, exhibit two types of oscillatory motion —
bending and twisting — caused by the presence of acoustic phonons in graphene and dispersion
attraction to the substrate. The theoretically derived mechanisms are confirmed by near atomic resolution
imaging of individual perchlorocoronene (C,4Cliz) molecules on graphene. Our results facilitate the
understanding of controlled functionalization of graphene employing electron irradiation as well as
mechanisms of attachment of impurities via the processing of graphene nanoelectronic devices by

Www.rsc.org/nanoscale electron beam lithography.

Introduction

Graphene, two-dimensional sp*-hybridizied carbon atoms
arranged in a honeycomb pattern, is one of the most exten-
sively studied materials due to its impressive range of superior
mechanical, electronic, optical and transport properties. In its
pristine form, graphene has been found to be a promising
component in a great number of applications including
touch screens, spintronic devices, fuel cells and flexible
electronics.™ In spite of its great application potential,
pristine graphene is believed to be rather inert to chemical
reactions, which weakens its competitive strength in the areas
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of semiconductor devices and sensors. Recently, there has
been a surge of interest in functionalization of graphene using
chemical reactions with organic and inorganic molecules as
well as chemical modification of large areas of its surface
aimed at gaining control over the band gap opening of
graphene. The manipulation of a band gap by chemical
doping is a desirable and powerful feature for the use of
graphene in functional nanoelectronic devices.®’

It is also worth noting that the purity of graphene is natu-
rally, and very easily, affected by the environment. Organic
residues, charged impurities, surface contaminants, even
atmospheric oxygen, all contribute to local doping of
graphene. Contaminants have an adverse effect on production
and reliable synthesis of large-scale, high-quality pure
graphene, which remains key to its successful applications.
Adsorption of contaminants on graphene surface and uninten-
tional doping may lead not only to its structural deformation
but also to an inhomogeneous charge density and a shift in
Dirac voltage.®** In general, contaminant molecules act as
external scattering centers and modify the properties of
graphene, with the covalently attached contaminants having
the strongest effect."*'” While smart choices of solvents and
chemicals are required to limit contamination in graphene-
based electronics, organic residues from fabrication are
inherent in any graphene processing and in particular by
electron beam lithography.

Nanoscale, 2016, 8, 2711-2719 | 2711


www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c5nr07539d&domain=pdf&date_stamp=2016-01-22
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5nr07539d
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR008005

Open Access Article. Published on 04 January 2016. Downloaded on 12/9/2025 9:09:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

In this paper, we explore functionalization reactions of gra-
phene through the formation of covalent bond(s) between free
radicals and C=C bonds of pristine graphene surface using
first principles calculations and high-resolution transmission
electron microscopy (HRTEM). Graphene displays particularly
high affinity to the so-called hydrocarbon contamination'®
dominated by n-m interactions to the flat surface'® thus
making polycyclic aromatic hydrocarbons (PAHs) one of the
most common organic contaminants of graphene. The hydro-
phobic properties and molecular sizes of PAHs affect their
adsorption on graphene. The HRTEM images®® reveal that
after loading with PAHs, the potential adsorption sites of gra-
phene can be altered during the imaging process. However,
the detailed HRTEM study of the adsorption behaviors of
PAHs on graphene at a molecular level is hindered by electron
irradiation damage during imaging. The imaging electron
beam (e-beam) breaks readily the C-H bond and destroys indi-
vidual small PAH molecules over time. The prime example is a
coronene molecule, which has been observed to decompose
very fast in the HRTEM at energies of 80-120 keV.>! A simple
and elegant solution to increase stability of organic molecules
under the e-beam has been proposed recently** through sub-
stitution of protium isotope of hydrogen for deuterium. Iso-
topic substitution has no effect on the molecular structure but
increases the atomic weight of the hydrogen atoms by 100%,
which drastically improves the stability of organic molecules
(or crystals) in the HRTEM, thus allowing imaging of individ-
ual species. Another effective approach to enhance the stability
of organic molecules in HRTEM is halogenation, although
substitution of hydrogen with halogens alters the original
chemical properties of the molecules. It has been observed>*>*
that halogenated substituents of benzene, benzoquinone and
phthalocyanine, where all hydrogen atoms are replaced for
much heavier atoms, exhibit greater durability against electron
irradiation. A HRTEM study of perchlorocoronene, C,,Cl;,,
suggests its high stability against the e-beam.>® The damaging
mechanisms for disintegration of crystalline C,4,Cl;, during
electron radiation have been previously studied using HRTEM,
electron diffraction, and electron energy-loss spectroscopy.>®

It is well known that hydrocarbons adsorbed on graphene
diffuse along its surface towards the edge of the irradiated
area or towards large structural defects (typically extended
vacancy lines or holes) where they are immobilized by forming
covalent bonds with carbon atoms at the edge of the defected
area.'® An alternative example of chemical functionalization of
the graphene surface is an addition of organic free radicals to
sp® carbon atoms of pristine graphene. The free radical
addition method has been recently tested®” to achieve the reac-
tion of benzoyl peroxide with graphene sheets, which was
induced photochemically (using focused Ar-ion laser beam).
The attachment of the phenyl groups was directly indicated by
the appearance of a strong D-band at 1343 cm ™" in the Raman
spectrum, which is due to the formation of sp® carbon atoms
in the basal plane of graphene by covalent attachment of
phenyl groups. In this case, the covalent addition of phenyl
groups to graphene led to a significant decrease in conduc-
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tivity due to disruption of the aromatic system via transform-
ation of carbon atoms from sp” to sp® hybridization.

In the present work we demonstrate the creation of free rad-
icals of small organic molecules and their covalent chemical
attachment to graphene during HRTEM imaging. The radicals
strongly anchored to graphene are amenable to HRTEM
imaging, unlike highly mobile physisorbed molecules. Since
imaging of PAHs on graphene by HRTEM is not currently poss-
ible, we have deposited perchlorocoronene, C,,Cl;,, molecules
on graphene and observed in HRTEM structural transform-
ations induced by the e-beam in real time with near-atomic
resolution. We find that perchlorocoronene radicals are prefer-
ably aligned along the armchair direction in graphene, which
is consistent with our theoretical predictions for PAHs. Time
series of HRTEM imaging clearly demonstrate switching
between the vertical (“stand up”) and near horizontal (“lie
down”) positions of perchlorocoronene radical. This can be
understood by the interplay between the strain in covalent
bonds formed between the radicals and graphene and the van
der Waals attraction, as demonstrated by classical molecular
dynamics (MD) simulations. The comparison between theo-
retically predicted behavior of PAH radicals anchored to gra-
phene and stable halogenated PAH radicals on graphene
observed in HRTEM reveals common dynamic behavior and
chemical transformations of small radicals on graphene and
enables capturing the atomistic mechanisms of the chemical
bond formation.

Results and discussion

Aromatic hydrocarbons, ubiquitous impurities present during
the growth and processing of graphene, undergo rapid
damage under the e-beam of a HRTEM during the imaging
process, which primarily starts at the C-H bond as the extre-
mely light hydrogen atoms are rapidly removed at the energies
of e-beam of 60-80 keV, which are typically used for imaging
graphene in high resolution. This results in the formation of
PAH free radicals. The structure and energetic properties of
most commonly occurring PAH radicals, namely, benzene,
Ce¢Hg, naphthalene, C;oHg, anthracene, C;,H;o, phenanthra-
cene, C14H;0, and coronene, C,,H;,, adsorbed on graphene,
both in chemisorption and physisorption, have been studied
using density functional theory (DFT) with PBE form of the
exchange-correlation functional®® and Grimme dispersion cor-
rections.”® The counterpoise corrected®® values of the binding
energy calculated as the difference in the total energy of iso-
lated and interacting fragments are shown in Table 1 for the
molecules and their radicals physisorbed on graphene in the
AB stacking configuration. The experimental values of the
binding energy determined with the use of the Redhead ana-
lysis®" of the thermal desorption spectra have been reported to
be E, = (0.50 + 0.08) eV for benzene, E,, = (0.8 + 0.1) eV for
naphthalene, and E;, = (1.3 + 0.2) eV for coronene molecule.*?
The Falconer-Madix analysis®® of the same thermal desorption
spectra produced the values of E, = (0.90 + 0.07) eV for

This journal is © The Royal Society of Chemistry 2016
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Table 1 The PBE + D binding energies for several polycyclic aromatic
hydrocarbons and their radicals physisorbed on graphene

Molecule CeHg C,oHg Cy4Hy0 Cy4Hyg Cp4Hyp
Ey, eV 0.38 0.60 0.81 0.82 1.33

Radical CgHs CyoHeg Cy4Hg Cq4H, —
Ey, eV 0.36 0.56 0.74 0.76 —

naphthalene and E,, = (1.5 + 0.1) eV for coronene molecule.
These experimental values are slightly higher than the values
reported in the present work. However, the calculated binding
energies agree well with previously published theoretical data
for physisorption energies, which vary in the range of 0.34 eV-
0.66 eV for benzene molecule,'*?*** 0.59 eV-0.76 eV for
naphthalene and 1.29 eV-1.73 eV for coronene'*”” depending
on the method of treatment of van der Waals forces and basis
set size used in the calculations. As shown in Table 1 the
binding energies of physisorbed radicals were found to be only
slightly smaller than the binding energies of the corres-
ponding molecules suggesting that there is no significant
direct interaction between the under-coordinated C atoms of a
radical and graphene. This indicates that covalent bonds
between the radicals and pristine graphene are not likely to
form instantaneously.

Formation of covalent bonds between free radicals and
graphene can be either thermodynamically driven or promoted

0.99eV -
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by collisions with high-energy electrons of the imaging beam.
The outcome of functionalization depends on the structure of
a newly formed reactive carbon edge (armchair or zigzag) and
the relative position of the radical edge with respect to the
graphene substrate. For the smallest member of the studied
family - benzene molecule - four possible chemisorption
configurations on graphene are considered, as depicted in
Fig. 1a-d, which are labeled to distinguish between different
bonding sites within a hexagon in the graphene lattice. Mono-
radical of benzene C¢H; (phenyl radical), shown in Fig. 1a,
exhibits the binding energy of E;, = 0.99 eV and the magnetic
moment of M = 1ug. In contrast, benzene bi-radical demon-
strates different bonding modes on graphene, which are
denoted as the 1,2-bonding (Fig. 1b), the 1,3-bonding (Fig. 1c),
and the 1,4-bonding (Fig. 1d) positions. In the 1,2- and
1,4-bonding positions, the bi-radical is attached to graphene
carbon atoms residing in different sub-lattices (shown in
Fig. 1e in different color: yellow and blue), and it is aligned
along the armchair direction in graphene. The binding
energies of the 1,2- and 1,4-bonding positions are found to be
very similar, namely Ej, = 1.15 eV for the 1,2-bonding and E;, =
1.13 eV for the 1,4-bonding, and both configurations have zero
magnetic moment. In a metastable 1,3-bonding position, the
bi-radical of benzene is bound to carbon atoms in the same
graphene sub-lattice, and it is aligned along the zigzag direc-
tion in graphene. The calculated binding energy for the
1,3-bonding position is only E, = 0.29 eV, which is even
smaller than a typical physisorption binding energy for

Fig. 1 Chemisorption sites for benzene and naphthalene radicals on graphene with the calculated binding energies: (a) the bonding position of
phenyl radical; (b) the 1,2-bonding; (c) the 1,3-bonding; (d) the 1,4-bonding positions of benzene bi-radical; (e) a diagram showing labeling of
carbon atoms in graphene lattice; atoms corresponding to different graphene sub-lattices are shown in different color (yellow and blue); (f) the 1,2-
bonding; (g) the 1,3-bonding; (h) the 1,4-bonding positions of the 1,8-C;oH¢ bi-radical.

This journal is © The Royal Society of Chemistry 2016
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benzene radicals. The magnetic moment M = 2ug of the 1,3-
bonding position indicates that the lack of stability is related
to the fact that the 1,3-bonding to graphene leads to a struc-
ture with open electronic shell (two topologically isolated
unpaired electrons which cannot recombine). As a result the
1,2- and 1,4-bonding structures are both much more stable
than the 1,3-bonding structure, even though they are more
sterically strained. The lengths of the C-C bonds formed
between the radicals and graphene vary between 1.54 A for the
case of 1,2-bonding of the C¢H, radical (Fig. 1b) and 1.59 A for
the C¢Hj; radical (Fig. 1a) indicating that in all cases chemical
bonds between the radicals and graphene are formed. The
table showing the calculated binding energies and magnetic
moments for all studied radicals can be found in ESI
(Table S17).

Similar chemisorption behavior has been predicted for the
1,8-C;oHe bi-radical of naphthalene molecule. When the
1,8-C1oHe radical is bound to graphene carbon atoms in
different sub-lattices (shown in Fig. 1f and h), the corres-
ponding binding energies are very similar: £y, = 2.95 eV for the
1,2-bonding position and E;, = 2.80 eV for the 1,4-bonding
position. In the 1,3-bonding position (Fig. 1g), the bi-radical
1,8-C;oHe is bound to carbon atoms in the same graphene
sub-lattice showing a significantly lower binding energy of Ej, =
1.94 eV. A general trend has been observed where benzene and
naphthalene bi-radicals chemisorbed on graphene along the
armchair direction have the total magnetic moment of M = 0,
while in the case of chemisorption along the zigzag
direction M = 2ugp. The same conclusions have been previously
reached for chemisorption of atomic hydrogen on graphene
layer®*?” showing that if a pair of hydrogen atoms are
bound to different graphene sub-lattices the total magnetic
moment of the system is zero. However, if all hydrogen atoms
are bound to the same graphene sub-lattice the magnetic
moment of the system is equal to the number of covalent
bonds formed.

Larger molecules form more complicated chemisorption
patterns on graphene but they follow similar structural and
energetic trends. For example, anthracene tri-radical, 1,8,9-
Ci4H-, tends to align along the 1,4-bonding armchair direction
in graphene (Fig. 2a) with the binding energy of Ej, = 4.46 eV,
which is about 1.5 eV more favorable than chemisorption
along the 1,3-bonding zigzag direction (Fig. 2b). Fig. 2c and d
show phenanthrene tetra-radical, 3,4,5,6-C1,Hs, aligned along
the 1,2- and 1,4-bonding armchair direction in graphene.
In the alignment along the 1,4-bonding armchair direction a
significant deformation of graphene substrate layer occurs,
however, this configuration remains energetically more favor-
able than the 1,2-bonding case. Regardless of the radical struc-
ture, all chemisorbed molecules are preferably bound to
graphene carbon atoms residing in different sub-lattices and
aligned along the armchair direction in graphene. This result
agrees with a general conclusion®® that chemisorption of
atoms as well as functional groups on two different graphene
sub-lattices is energetically more favorable than chemisorption
on the same sub-lattice.

2714 | Nanoscale, 2016, 8, 2711-2719
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Fig. 2 Chemisorption sites for anthracene and phenanthrene radicals
on graphene with the calculated binding energies: 1,8,9-Cy4H; tri-
radical is aligned along (a) the 1,4-bonding armchair; (b) the 1,3-bonding
zigzag direction; the 3,4,5,6-C14Hg, C14Hg tetra-radical is aligned along
(c) the 1,2-bonding armchair; (d) the 1,4-bonding armchair direction.

The dynamical behaviour of chemisorbed PAH radicals on
graphene substrate has been studied using classical molecular
dynamics with the AIREBO®® potential. The C,,H;, radical of
coronene molecule has been modelled in the 1,2- and
1,4-bonding configurations. Two different initial geometries
corresponding to the chemisorbed molecule either lying or
standing on graphene substrate have been considered. The
size of the considered molecule implies that the dispersion
attraction to the substrate will make a significant contribution
to the total binding energy. The physisorption energies
calculated with the AIREBO potential were found to be Ey, =
0.42 eV for C¢He, Ep, = 1.41 €V for C,,H;, and Ep, = 2.97 eV for
Cs4Hyg, in a good agreement with theoretical (DFT) and experi-
mental results (see Table 1 and the accompanying text) thus
suggesting that the AIREBO potential provides a realistic
description of dispersion interactions. The MD simulations
have shown that the C,,H;, radical tends to assume vertical
position on the graphene substrate irrespective of bonding
direction and initial configuration. The “standing up”
molecule exhibits two types of oscillating motion - bending
(Fig. 3a) and twisting (Fig. 3b) — caused by the presence of
acoustic phonons in graphene.

A very different behaviour has been observed for the larger
Cs4H;5 radical in the 1,4-bonding configuration. If the chemi-
sorbed radical is initially lying on the graphene surface it
remains in the same configuration for the whole time of the
MD simulation (Fig. 3c). In this case, the binding energy due
to the dispersion interactions between the radical and
graphene is higher than the strain energy caused by the
bending of sp” carbon bonds. However, if the initial configur-
ation is a standing radical it does not lie down during
simulation and the oscillations of the molecule are less

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Snapshots of the classical MD simulations, using AIREBO potential, showing the bending oscillatory motion of a C,4H10 radical chemisorbed
on graphene (a) and twisting oscillations (b); (c) a snapshot taken after 5 ns of a larger Cs4H;5 radical chemisorbed on graphene shows that, although
three covalent bonds are formed with graphene, the dispersion attraction to graphene is higher than the strain energy caused by the bending of the

sp? carbon bonds, which causes the molecule to lie flat on graphene.

pronounced than in the case of the C,,H;, radical. Stabiliz-
ation of the radical in this configuration can be explained by
the fact that dispersion interactions are significantly reduced
compared to the case of the lying molecule and contribute
only 0.4 eV to the binding energy. Formation of three covalent
bonds also makes the radical more stable with regards to the
oscillations compared to the chemisorbed C,,H;, radical in
which only two covalent bonds are formed.

It is not possible to observe directly the dynamic behavior
and chemical transformations of standard PAH molecules on
graphene due to the rapid onset of knock-on damage caused
by the fast electrons of the e-beam during HRTEM imaging.>*
The structure of PAH molecule would need to be modified to
prolong its lifetime under the e-beam exposure and to
slow down the dynamics to the timescale of HRTEM imaging
(e.g. few seconds). To achieve this, we have substituted all
hydrogen atoms in coronene with chlorine atoms to form a
perchlorocoronene molecule (C,4Cly,) that exhibits a greater
stability against electron irradiation. C,,Cl;, molecules were
then deposited onto graphene sheets suspended on HRTEM
grids via physical vapor deposition at ultra-high vacuum
conditions (see ESI} for details). The X-ray photoelectron
spectroscopy (XPS) characterization of samples prepared at
similar conditions on highly oriented pyrolytic graphite sub-
strates demonstrates the adsorption of C,,Cl;, molecules by
appearance of the characteristic Cl 2s and Cl 2ps,1/, peaks (see
ESIT). The estimated coverage corresponds to ~1% of a mono-
layer. If the mechanism of chemical bond formation to gra-
phene is similar for small hydrogenated and halogenated
aromatic molecules, it is expected that once two or more chemi-
cal bonds are formed between graphene and radicals (produced
from C,,Cl;, damaged by the e-beam), these molecules can also
rotate into a vertical position and align along the preferential
armchair direction, as theoretically predicted for PAHs.

The higher stability of C,,Cl;, molecule in the e-beam
enabled experimental investigation of the predicted mecha-
nisms by aberration-corrected HRTEM imaging. The heavier
chlorine atoms at the molecular edge produce a stronger con-

This journal is © The Royal Society of Chemistry 2016

trast compared to lighter C atoms in the center, so the mole-
cules are expected to have a ring-like appearance in HRTEM
images as predicted by image simulation shown in Fig. 4b.
Areas of graphene as large as tens to hundreds of nm in dia-
meter were observed, which were free from contamination,
similar to the case of imaging graphene with no deposition
treatment but after pre-imaging cleaning.*®

Additionally, a large number of circles of dark contrast were
observed on the otherwise clean area of graphene, as marked
by the arrows in Fig. 4d. At higher magnification most of these
features appeared to be ring-like structures of about 1 nm in
diameter as shown in Fig. 4c and e. The shape and size of the
observed structures and experimental conditions of the samples
preparation indicate that the rings of dark contrast correspond
to the 2D projection of the deposited C,4Cl;, molecules. The
molecules undergo a constant motion on the graphene surface
(Fig. 4e) caused by thermal effects and electron irradiation so
that the individual chlorine atoms cannot be resolved.

It has been observed that many of the adsorbed molecules
occasionally undergo a reversible transformation between cir-
cular and linear projections. An example of such transform-
ation is shown as a time series of HRTEM images in Fig. 5a.
The time between the molecular transformations varies from
few to hundred seconds at the dose rates used in experiment
that range from 2 x 10° e nm™ s™" to 13 x 10° e nm™> s™".
Often, just before the transformation to the linear projection,
the molecule exhibits a crescent-like shape with diminishing
contrast at one edge indicating the loss of Cl atoms and for-
mation of a molecular radical. We suggest that the e-beam
damages the initial structure of the molecule and promotes for-
mation of covalent bonds between the radical and the graphene
substrate, which induces the rotation of the radical by 90° with
respect to the graphene plane, as theoretically predicted for
PAHs. In such configuration the projection of the radical has
nearly a linear shape. The reversible switching between two
configurations suggests that under the e-beam irradiation
conditions both formation and breaking of covalent bonds
between the molecular radicals and graphene occurs.

Nanoscale, 2016, 8, 2711-2719 | 2715


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5nr07539d

Open Access Article. Published on 04 January 2016. Downloaded on 12/9/2025 9:09:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Paper

View Article Online

Nanoscale

Fig. 4 C,4Cl;; molecules deposited on graphene as observed by HRTEM: (a) schematic representation of the atomic structure of a C,4Cl;,; mole-
cule; (b) a simulated TEM image of a C,4Cl;, molecule on graphene; (c) an experimental high-magnification image of a C,4Cl;, molecule on gra-
phene (individual chlorine atoms cannot be resolved due to the high mobility of molecules on graphene); (d) overview of the sample, showing clean
contamination-free areas of graphene with deposited C,4Cl;, molecules observed as circles of dark contrast marked by the arrows; (e) series of

HRTEM images of a single C,4Cl;> molecule on graphene.

Fig. 5 Time series of HRTEM images showing (a.1-a.10) a reversible transformation between circular and linear projections of the C,4Cl;, molecule
on graphene; (b.1-b.5) series shows liner projection of the standing up molecule switching its orientation to match different armchair directions of
graphene. The dashed lines in (a) and (b) denote the armchair direction of graphene nearest to the C,4Cl;, orientation.

The molecules, when covalently attached to graphene, show
remarkably consistent behaviour in terms of their orientation
relative to the substrate. In full agreement with the compu-
tational predictions (both for the dynamics and stability), the
molecules align along the armchair direction of graphene with
no observed exceptions in our experiment. The sequences of

2716 | Nanoscale, 2016, 8, 2711-2719

images in Fig. 5 have the nearest armchair direction of
graphene marked by the dashed lines whenever the molecule
is in the ‘stand-up’ position. We note that the structure of the
reactive edge and the binding configuration of the radicals on
graphene cannot be determined from the TEM images.
However, the fact “standing up” radicals are strictly aligned

This journal is © The Royal Society of Chemistry 2016
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along the armchair direction of graphene and are stable in
this configuration for extended period of time suggests that at
least two covalent bonds have to be formed between the
radical and graphene to promote rotation of the radical into
the vertical position. Closer examination indicates that the size
of the molecules tend to get smaller during imaging indicating
gradual fragmentation and removal of atoms by the electron
beam. Eventually the molecules are getting detached from the
substrate, and either re-attach at, e.g., nearby contamination,
or disappear completely.

The sharp line observed in TEM images for the “stand up”
state of a radical of the C,,Cl;, molecule suggests that no sig-
nificant oscillations of the radical occur. This is in contrast
with the strong oscillating motion predicted by MD simu-
lations for the C,4H;, radical chemisorbed on graphene (see
Fig. 3). It should be noted, however, that in the case of the
C,4Cl;, molecule the chlorine atoms constitute about 75% of
the molecular mass. Therefore, the heavy edge of the molecule
will strongly suppress the oscillatory motion of the lighter C
skeleton caused by the presence of phonons in graphene.

Conclusions

In this work we have presented the combined theoretical and
experimental investigation of the chemisorption of small
aromatic molecules on pristine graphene. The results of DFT
calculations show that radicals of small polyaromatic
hydrocarbons chemisorbed on graphene tend to assume verti-
cal orientation with respect to the graphene plane, and they
are preferably aligned along the armchair direction of gra-
phene regardless of the structure of the reactive edge of the
radical. The TEM images of individual perchlorocoronene
(C,4Cly,) molecules on graphene reveal that these molecules
undergo reversible transformations between the ring- and line-
like structures. It suggests that the electron beam of TEM pro-
motes formation of free radicals of the C,,Cl;, molecules and
their covalent attachment to the graphene substrate. The chemi-
sorbed radicals also assume the vertical position with respect to
graphene, which in TEM images appear as a line-like structure.
In agreement with the computational predictions, the mole-
cules in their ‘line’ state are always aligned along the armchair
direction of graphene. Experimental TEM observations of
dynamics of PCC molecules on graphene represent a striking
example of a real-time imaging of molecular transformations
with near-atomic resolution. Our results facilitate the deeper
understanding of controlled functionalization of graphene
employing electron irradiation and effects of impurities in gra-
phene-based devices produced by electron beam lithography.

Methods

Simulations

PAHs adsorbed on graphene (both chemisorption and physi-
sorption) have been studied using density functional theory

This journal is © The Royal Society of Chemistry 2016
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(DFT) with PBE form of the exchange-correlation functional®®
and Grimme dispersion corrections,* as implemented in the
AIMPRO code.*! The core electron levels were treated within
the Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials
scheme.*> Kohn-Sham spin-polarised valence orbitals were
represented by a set of atom centered s-, p-, and d-like Gaus-
sian functions. Matrix elements of the Hamiltonian are deter-
mined using a plane wave expansion of the density and Kohn-
Sham potential with a cut-off of 300 a.u. All structures were
studied with periodic boundary conditions. Graphene sub-
strate was represented by the hexagonal unit cell containing
128 carbon atoms. The Brillouin zone was sampled within the
Monkhorst-Pack scheme®® using a (6 x 6 x 1) k-points grid.
Optimization of the atomic positions was performed using a
conjugate-gradient algorithm until the maximum force on any
atom is less than 0.01 eV A™",

The dynamic behaviour of the C,,H;, and Cs4H;5 radicals
covalently bonded to graphene substrate has been investigated
using classical MD calculations with the AIREBO potential.*
The calculations have been carried out using LAMMPS mole-
cular dynamics simulator.”® The graphene layer has been
represented with 680 carbon atoms and periodic boundary
conditions have been employed. All structures have been
initially optimized using the conjugate gradient energy mini-
mization scheme and then equilibrated at temperature 300 K
over 10 ns. The dynamic behavior of the radicals was studied
in the subsequent NVE simulation for another 10 ns.

The image simulations were conducted with the QSTEM
software®® using a spherical aberration value of 20 um, focal
spread of 6 nm and Scherzer focus. The value of the electron
dose was taken to be 10" e nm >, The experimentally measured
modulation transfer function (MTF) of a CCD camera®® at an
80 kV accelerating voltage was then applied to obtain an accu-
rate signal to noise ratio.

Experiment

Graphene was grown on 25 pm thin copper foils (99.8%, Alfa
Aesar GmbH & Co KG, Karlsruhe) using low-pressure chemical
vapour deposition.””*® C,,Cl;, powder was introduced in a
Knudsen cell (Kentax Evaporator TCE-BSC), put into ultra-high
vacuum and was baked out over night at 473 K. The tempera-
ture was then further increased to 523 K and after 30 min of
thermal equilibration the compound was evaporated for
30 minutes onto graphene. A detailed description of the prepa-
ration of graphene samples and C,,Cl;, powder can be found
in ESL¥

The samples were characterized by aberration-corrected
high-resolution transmission electron microscopy using an
FEI Titan 80-300 microscope, equipped with an image-side
spherical aberration corrector. The microscope was operated at
80 kv, and the extraction voltage of the field emission gun was
set to 2 kV to reduce the energy spread of the electron beam.
The spherical aberration coefficient was tuned to <20 pm and
the imaging was conducted at under focus resulting in atoms
appearing as dark spots in the images. The electron dose rate
was (2-13) x 10° e nm 2 s,
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