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rogress in the development of mole-
cular-scale electronics, in particular
the emergence of active components
such as molecular switches or motors,' re-
quires techniques that enable structural
characterization of molecules and evalua-
tion of their dynamics. Scanning probe
techniques such as scanning tunnelling
microscopy (STM) and atomic force micro-
scopy (AFM) can obtain structural informa-
tion on molecules on surfaces.' > However,
in order to resolve the molecular structure
accurately, it is necessary to work at very
low temperatures under ultra-high-vacuum
conditions, and long measurement times
are required due to the sequential nature
of the scanning process.? Room-tempera-
ture acquisition of the dynamic behavior of
molecules remains a challenge.
Transmission electron microscopy (TEM)
is a direct technique with simultaneous
image acquisition. The recent development
of aberration correctors has pushed forward
atomic-scale investigation of a large variety
of materials and enabled the dynamical
motion of molecular nanostructures to be
examined.*”” Samples that are sensitive to
high-energy electron radiation damage, so-
called knock-on damage, can now be in-
vestigated at lower acceleration voltages
without significant damage, which is highly
relevant to carbon-based materials and
molecules.®
Often TEM examination of molecular
nanostructures has been carried out using
cages, as for example carbon nanotubes,
which are filled up with the molecules of
interest. In this way fullerenes with and
without functional groups have been stu-
died extensively,”'? but also reactions and
transformations of molecules in this con-
fined space could be accessed.®'® Here,
aberration-corrected low-voltage high-
resolution transmission electron microscopy
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ABSTRACT

Low-voltage aberration-corrected transmission electron microscopy (TEM) is applied to investigate

the feasibility of continuous electron beam deaning of graphene and monitor the removal of

residual species as present on few-layer graphene (FLG) surfaces. This combined approach allows

us to detect light adatoms and evaluate their discontinuous sporadic motional behavior.

Furthermore, the formation and dynamic behavior of isolated molecules on the FLG surface

can be captured. The preferential source of adatoms and adsorbed molecules appeared to be

carbonaceous dusters accumulated from residual solvents on the graphene surface. TEM image

simulations provide potential detail on the observed molecular structures. Molecular dynamics

simulations confirm the experimentally observed dynamics occurring on the energy scale imposed

by the presence of the 80 kV electron beam and help elucidate the underlying mechanisms.

KEYWORDS: dynamic behavior of molecules - few-layer graphene - low-voltage
transmission electron microscopy - TEM simulation - molecular dynamics

computer simulation

(LV-HRTEM) is unrivalled in terms of spatial
resolution.' Using time series of HRTEM
images the motional dynamics of molecules
can be studied, revealing phenomena such
as conformational changes and transla-
tional motion of organic molecules,'"'>'¢
metallofullerenes performing rotational and
translational movement within carbon
nanotubes,”'® and oscillatory motion of
nanotube fragments in a host nanotube.!”
Temporal resolution down to 80 ms can be
achieved with HRTEM."* A powerful ap-
proach that provides improved temporal
resolution is ultrafast electron microscopy
(UEM), making use of pulsed electron
sources.'® However, the spatial resolution
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of UEM is not sufficient to resolve the carbon—carbon
distance and therefore is limited for investigation of
individual carbon-based molecular nanomaterials.

HRTEM studies of adatoms and molecules on sur-
faces are rare. The recent developments in producing
ultrathin two-dimensional membranes, for example
graphene, graphene oxide, and boron nitride, as TEM
supports have expedited HRTEM investigations of
nanoparticles'®?° and molecules.?’~%° This is due to
the contrast of these membranes being uniform as well
as very weak due to the limited number of atoms as
compared to conventional amorphous carbon TEM
support grids that usually have a thickness of
2—3 nm.?%?! Furthermore, their highly ordered crystal-
line structure allows accurate calibration of the micro-
graphs, and its contribution to the image can be
removed via simple subtraction using masks in Fourier
space.' Meyer et al. demonstrated that light atoms
such as carbon and even hydrogen could be observed
on graphene membranes by employing “only” a con-
ventional HRTEM.?" In order to improve the signal-to-
noise ratio, the TEM micrographs were collected by
summing multiple subsequent frames, leading to total
acquisition times on the order of minutes. Within these
time frames the authors reported on the dynamics of
adsorbed molecules and the formation and healing of
defects. In order to observe faster molecular motion at
room temperature, single-shot TEM micrograph acqui-
sition is necessary. Diffusion of metal atoms on gra-
phene sheets has also been reported previously. For
example, Au or Pt atom diffusion has been studied with
in situ HRTEM.?® Here the large mass difference of the
metal atoms and the carbon support results in contrast
from individual metal atoms and the ability to track
their dynamic behavior. A recent example employing
aberration-corrected LV-HRTEM was presented by
Sloan et al., who studied the dynamics of polyoxome-
talate anions on graphene oxide with high precision.>*
These anions contain several tungsten atoms within
the structure, which dominate the contrast through
their strong scattering properties and allow for precise
determination of the molecules' orientation with re-
spect to the graphene oxide support.

A key component for the wide-scale uptake of using
two-dimensional crystals, such as graphene, as sup-
ports for TEM studies is that the preparation method
should be simple, straightforward, and reproducible by
as many researchers as possible. Although mechanical
exfoliation is very useful to identify single-layer-
graphene (SLG) sheets, it involves many preparational
steps including the characterization of graphite and
graphene species using spectroscopy or atomic force
microscopy prior to the actual transferral of the mem-
brane onto a specialized TEM grid.?" Substrate-free
synthesis methods, for example, gas—phase—based27
or solution-based methods,?®%° represent an easier
way to directly transfer SLG or few-layer graphene
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(FLG) sheets onto TEM grids. However, in all cases
carbonaceous debris originating from the adhesive
tape or the solvent coats the graphene surface and
may obscure the image.

In this contribution we demonstrate and monitor the
removal of such residual species present on a FLG
surface derived from a standard solution-based pre-
paration process via continuous electron irradiation. In
order to prove the feasibility of the cleaning process,
we further monitor and analyze the movement of
atoms and molecules remaining “attached” to the
clean FLG sheet. These adsorbates are subject to
periods of fixed stability and after such a stable period
rapidly move away or are sputtered off by the electron
beam. Further, the dynamic behavior, i.e., the forma-
tion and motional dynamics of molecules consisting of
light atoms—mainly carbon—on the FLG sheet, is
detected. Details of the molecular structure are ex-
tracted, and insights gained through comparison with
TEM image simulations. To understand the mechan-
istic origin of the observed motion, molecular dy-
namics computer simulations are performed using a
relatively simple, well-established, potential model,
allowing for the simulation of multiple adsorption
events with the systematic variation of the key under-
lying control parameters such as the atom kinetic
energy and its angle of approach.

RESULTS AND DISCUSSION

Graphene and FLG were prepared by liquid phase
exfoliation using highly ordered pyrolytic graphite
(HOPG) as graphite precursor and N-methyl-2-pyrroli-
done (NMP) as solvent® In brief, the solution was
sonicated for 2 h and left to settle for 1 h. The top third
of the dispersion was extracted for use, with the bottom
two-thirds discarded. For TEM analysis a drop from the
dispersion was deposited onto a lacey carbon TEM grid,
washed in methanol, and then left to dry. The obtained
graphene sheets typically comprised 1—10 graphene
layers. Since HOPG is very clean compared to other
graphite sources (metallic impurities <0.1 wt %) and
since NMP contains only carbon, nitrogen, and oxygen
atoms, residual species on the graphene flake's surface
consist of only light atoms. LV-HRTEM was carried out
using an aberration-corrected JEOL JEM-2200MCO trans-
mission electron microscope, operated at an accelera-
tion voltage of 80 kV to minimize knock-on damage.*

Figure 1a shows a TEM image of a typical FLG
sheet consisting of six layers on a lacey carbon grid
(cf. Supporting Information Figure S1 for determina-
tion of the number of layers). Figure 1b is taken from
the region indicated with the red box in Figure 1a and
shows that the surface of the FLG sheet is mostly
covered with a thin layer of debris. This is attributed
to residual NMP, amorphous carbon, and small gra-
phene pieces arising from the sonication process and is
typical for FLG samples. Figure 1c shows the same
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Figure 1. Cleaning graphene by means of electron beam irradiation (irradiation time indicated in each subfigure): (a) FLG
flake; (b, ) TEM images of the graphene edge taken at a low magnification after 2 min (b) and after 163 min (c) electron
irradiation. The more pronounced contrast in (c) arises from accumulation of surface species into clusters on the graphene
sheet; (d, e) HRTEM images of the graphene sheet before (d) and after (e) electron irradiation. The latter shows a large area
cleaned from adsorbates. These adsorbates collect in clusters, cf. (c) and bottom left in (e), or at the edge of the graphene

sheet, which is now a lot wider than in (d).

region after 163 min of electron beam irradiation and
the majority of the surface contamination has been
removed from the irradiated area. Several circular voids
were produced in the FLG sheet after the irradiation
similar to previous observations, which is attributed to
sputtering of carbon atoms surrounding defects and
impurities." Some areas with dark contrast are ob-
served in Figure 1¢; this more pronounced contrast
arises from accumulation of surface species into larger
clusters. High-resolution TEM micrographs before and
after extensive electron beam irradiation of the region
marked with a white square in Figure 1b are presented
in Figure 1d,e. In Figure 1d, which was acquired very
shortly after Figure 1b, a small amount of carbon-
aceous matter partially covers the surface of the FLG
sheet. Figure 1e, acquired after an exposure time of
143 min, shows that the electron beam irradiation led
to the residual material collecting in amorphous clus-
ters on the surface of the FLG sheet (cf. Figure 1e,
bottom left) as well as on the FLG edge, leaving large
areas of the FLG sheet devoid of impurities. Typically,
when electron beam irradiating a clean FLG edge, as
seen in Figure 1d, edge atoms get sputtered off due to
their lower binding energy.'**' However, the increase
in “edge width”, ie., the collection of amorphous
material along the edge as observed here, indicates
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that surface migration events along the graphene
plane (xy-plane) are feasible. Material from the top
graphene surface, which is the side facing the electron
source, is likely to be “kicked” toward the edge of the
FLG sheet and/or the clusters through incoming high-
energy electrons. For top surface atoms to be displaced
into the FLG lattice, the so-called displacement energy
has to be overcome.>? The energy required to sputter
an atom lying on the surface is much lower than
that for atom displacement. It is further agreed that
electron-beam-induced sputtering mainly affects the
beam exit surface of a thin sample due to high-angle
backscattered electrons transferring maximal momen-
tum in a forward direction, ie. the direction of the
incident electron beam.** Therefore, removal of ma-
terial may preferentially occur from the back side of the
sheet through electrons going through the FLG sheet
and interacting with weakly bound matter on the back
side. From our analysis of the reduction in surface area
covered by the amorphous clusters with electron ex-
posure time an approximate number of 8 atoms/s
leaving the clusters was estimated (cf. Figure S2 in
the Supporting Information).

A Fourier-enhanced image of the FLG sheet together
with its fast Fourier transform (FFT) as an inset is shown
in Figure 2a (see Supporting Information and Figure S3
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Figure 2. Adatoms appearing and disappearing on the FLG surface: (a) HRTEM image of the FLG flake including the respective
FFT; (b) same HRTEM image as in (a) with FLG contrast subtracted from the image; (c) time sequence of the area marked white
in (b). The image acquisition time for each frame was 1 s. Each individual feature is numbered and assigned a different color.
They appear (full circles) and disappear (dotted circles) during the time sequence. Feature #1, marked with a white circle in
(b) and all the images in (c), is stable during the whole period of time and thus acts as a positional reference. Note that the
square insets in (c) after 22 and 27 s correspond to the appropriately scaled down image simulations of a carbon chain (22 s)

and carbon adatoms (27 s), as will be discussed later.

for a detailed description of image processing). In
Figure 2b the graphene contrast has been subtracted
using a Fourier mask (cf. Figure S3) in order to enhance
any deviations from the highly periodic graphene
crystal structure, such as the sputtered edges of a layer,
adsorbates, defects, or adatoms. Amorphous clusters
in the top and bottom left corners of Figure 2a,b are
likely to be sources of adatoms that migrate on the
graphene surface as described earlier. The time se-
quence shown in Figure 2c was taken from the area
marked white in Figure 2b. Adatom #1, marked with a
white circle in Figure 2b,c, is stable over the whole time
sequence and thus acts as a positional reference within
these images. It finally gets detached when the develop-
ing hole in the top graphene layer (situated to the
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bottom right of the atom) reaches the atom position
after approximately 5 min of irradiation. In each figure
of the time sequence the graphene contrast has also
been subtracted. The strong feature of the sputtered
edge in the bottom right corner shows the evolution of
how single graphene layers can be selectively sput-
tered by the electron beam as previously observed.™
Robertson et al. show that in the case of an incomplete
sheet of graphene residing on FLG a marked increase
in contrast can be observed at the edge due to Fresnel
interference, which gets stronger with increasing
defocus.>* Over a period of roughly two minutes a
number of adatoms (labeled #2—#9 and highlighted
with colored circles) appear (full circles) and disappear
(dotted circles) in this small sample area. Adatoms #2,
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Figure 3. TEM image simulations and corresponding atomic models of (a) a carbon atom adsorbed on the FLG surface in
bridge configuration, (b) a carbon adatom in dumbbell configuration, and (c) a carbon chain (C4Hy) covalently bound to the
upper graphene layer and oriented vertical to the graphene layers. Note that the simulations have been carried out using six
layers of graphene in the atomic model, but for better clarity only one graphene layer is shown in the model representation;
(d, e HRTEM micrographs of adatoms #1, #6 (27 s) and feature #5 (22 s) as labeled in Figure 2c and appropriately scaled up to

match the scale of the image simulations.

#6, #8, and #9 are visible for 210 s, and adatom #4 is
visible for more than 22 s. The fact that they appear to
be stable and well-localized over an extended period of
time at room temperature, although the sample is con-
tinuously exposed to electron irradiation, suggests that
they are chemisorbed.?’ In order to observe these
adatoms, they must remain in a fixed position for a
significant portion of the duration of the image acquisi-
tion, which was typically 1 s in these studies. The feature
that appears after 17 s (#5, light blue) may represent a
larger molecule or molecular chain due to the stronger
contrast as compared to the other adatoms. The con-
trast gets weaker with time (Figure 2¢, 22 to 54 s), which
may be due to atoms leaving the chain, and finally, after
approximately 70 s the feature disappears. In order to
support these statements, TEM image simulations were
carried out and are presented in Figure 3.

Figure 3a—c show TEM image simulations of ad-
sorbed species on the top layer of six-layer graphene.
The periodic structure of the graphene lattice has been
subtracted from the simulated TEM images using a
Fourier mask to allow for proper comparison with the
HRTEM micrographs. For better clarity only one gra-
phene layer is shown in the respective atomic models
in Figure 3a—c. The simulations involve a carbon
adatom in bridge configuration®® (Figure 3a), a carbon
adatom in the metastable dumbbell configuration®?
(Figure 3b), and a carbon chain (C4Ho) covalently
attached to the top graphene layer and oriented al-
most perpendicular to the graphene layers (Figure 3c).
Figure 3d,e show HRTEM micrographs of the adatoms
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#1 and #6 as well as feature #5 from Figure 2c (after 27
and 22 s, respectively) that have been scaled up to
match the scale of the image simulations. The dark
contrast from the adatoms (Figure 3d) appears to be a
little widened as compared to that of the simulated
adatoms (Figure 3a,b), which could be due to small-
scale oscillations around the anchor point®® or a slight
astigmatism observed in the image. In the case of the
TEM simulation of the vertical hydrocarbon chain
(Figure 3c) the chain contrast is in good agreement with
that of the acquired TEM image (Figure 3e). The assump-
tion that the contrast arising from feature #5 originates
from an elongated molecule is corroborated by another
time sequence shown in Figure S4 in the Supporting
Information, where the formation of an elongated
molecule, probably also a hydrocarbon chain, is shown.

Within the inspected field of view gradual transient
movement of atoms is not observed. The features are
seen to appear and disappear in a discontinuous
manner within the short time frame of a few seconds
which indicates that they rapidly jump from place to
place. However, a period of fixed stability exists that is
on the order of seconds, as often observed for systems
at the nanoscale, e.g., motion of organic molecules'® or
metallofullerene motion'® inside carbon nanotubes.
After that the atoms either get sputtered off or hop to
another energetically favorable position on the gra-
phene sheet, however outside the examined viewing
window. Due to the low adatom migration energy of
0.4 eV, carbon atoms generally should move fairly
quickly on the graphene surface.” Thus detecting their
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Figure 4. Molecular dynamics: (a) fraction of successful single carbon atom adsorption events, f, as a function of the projectile
kinetic energy, averaged over all angles of projection; (b) fraction of successful single carbon atom adsorption events at
certain projectile angles (with respect to the graphene plane), f,qe, as a function of the projectile kinetic energy. The dashed
lines in (a) and (b) represent the maximum energy that may be transferred to a carbon atom from an 80 keV electron beam.

motion in TEM at room temperature is thought to be
impossible unless they are bound to a defect site, for
example a vacancy.> Electron irradiation may lead to
defect formation in graphitic nanocarbons even at
accelerating voltages below the threshold energy for
knock-on damage.?® It has previously been shown that
a defect, e.g., a vacancy, becomes a source of a larger
hole that develops with time.'* This is also observed
here in Figure 2c with a hole developing in the bottom
right corner of the snapshots in the time sequence. The
time-dependent dynamics of these defects is distinctly
different from what we find with adatoms (and later
molecules) which appear and disappear (or move)
within a much shorter time frame. While a defect site
develops into a two-dimensional hole in the graphene
layer, isolated adsorbates often show other morpho-
logies, i.e., point-like or chain-type morphologies, as
demonstrated previously.?' In conjunction with our
TEM simulations (cf. Figure S5 in the Supporting
Information) these findings strongly suggest that black
atom contrast arises from adatoms and molecular
adsorbates within this study.

In order to understand the conditions in which a
carbon atom can be adsorbed, molecular dynamics
simulations have been performed using a Tersoff Il
potential (see Supporting Information for simulation
details).3*° A single carbon atom is projected toward
the graphene surface varying the kinetic energy and
angle of projection. Figure 4a shows the fraction of
successful single atom adsorption events (f) as a func-
tion of the kinetic energy (E,) of the projectile atom
averaged over all atom velocities (i.e, not accounting
for the angle of projection). Below ~4 eV no successful
bonding events are observed. The fraction of success-
ful events reaches a maximum at Ey;,, ~ 14 eV, which is
close to the maximum energy that may be transferred
to a carbon atom under 80 keV electron irradiation
(Exin = 15.73 eV, as indicated by the dotted line in the
figure).>? The observation that the fraction of success-
ful events falls beyond this threshold is due to sig-
nificant surface damage at these high energies.
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Having established that carbon atoms of consider-
able kinetic energy can be effectively stopped by the
interaction with a graphene sheet, we now need to
establish how the projectile angle (with respect to the
sheet) may affect these events. Figure 4b shows the
fraction of successful adsorption events at certain
projectile angles (fangie). As would be expected, there
appears to be a strong dependence of the fraction of
successful adsorption events on the projectile angle.
However, there is still a significant fraction of successful
events even at relatively shallow projectile angles
(e.g., —5.1°, —10°). In the experimental configuration
the less shallow projectile angles correspond to atoms
that originate in the vapor above the graphene layers
(i.e., vacuum contamination within the TEM), while the
shallow angles will generally correspond to atoms that
originate from the surface clusters of noncrystalline
material (cf. Figure 1c). The relative quantities of ma-
terial obtained from these two sources will depend on
both the success rates as a function of projectile angle
and the concentration of material available. As a result,
although the atoms projected toward the surface are
more successful in attaching to the graphene than
those fired at more shallow angles, the relatively
large local concentration of material in the surface
“pools” compared to the vapor more than offsets this
effect. This observation therefore supports the asser-
tion that the source of the carbon atoms on the
graphene surface may be the clusters of noncrystalline
material.

Not only can adatoms be observed on the graphene
surface, but also molecules, for example, NMP mole-
cules or hydrocarbon chains, and their motional dy-
namics can be examined. In Figure 5 a time sequence
of images is shown in which a molecule rotates, moves
on the FLG surface, and disappears in the end.
Figure 5a shows a HRTEM micrograph together with
the corresponding FFT as an inset. The graphene
contrast has been subtracted in Figure 5b and the time
sequence (Figures 5c¢—f) to enhance the contrast of
irregularities as described above. A stable adatom is
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Figure 5. Time series of a moving molecule on FLG: (a) starting image including FFT as inset; (b) starting image with the
contrast originating from the FLG flake having been subtracted in order to enhance the contrast of any irregularities, e.g., an
adatom (marked white), which acts as positional reference, a graphene step edge (marked with a black arrow), and a larger
molecule (marked yellow); (c—h) time series of the region marked white in (b). The “yellow” molecule changes its orientation
on the FLG sheet (c, d), moves along the sheet (f), and disappears (g, h). The image acquisition time was 1 s for each frame; (i)
enlarged view of (f) together with the respective contrast spot pattern (lower panel); (j) NMP molecule with an added methyl
group. Left panel: atomic model; middle panel: TEM image simulation of the isolated molecule (i.e., without graphene); right
panel: TEM image simulation of the molecule on top of five-layer graphene; (k) NMP molecule with an added propyl group.
Left panel: atomic model; middle panel: TEM simulation of the isolated molecule; right panel: TEM image simulation of the
molecule on top of five-layer graphene. The contrast originating from the FLG flake has been subtracted from the simulated
TEM images (right panels) as done for the HRTEM micrographs. (Black scale bars correspond to 2 nm, white scale bars to 1 nm.)

marked with a white circle and acts as the positional
reference in this time sequence. The black arrow
indicates a graphene step edge whose contrast is also
strongly enhanced by the removal of the graphene
contrast. A larger ensemble of dark contrast spots is
highlighted with a yellow ellipse, which most likely is
the two-dimensional projection of a molecule. In
Figure 5c—e the molecule shows three distinct dark
contrast spots that are schematically highlighted with
filled red circles just above the actual molecule. A few
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weaker contrast spots are apparent in close vicinity,
especially to the bottom left of the molecule, where
it appears to still be attached to the step edge of
a graphene layer that has been selectively sputtered
in the investigated area, as can clearly be seen
in Figure 5b. Figure S6 in the Supporting Information
shows magnified views of the images shown in
Figure 5c—f together with a dot pattern matching
the spot patterns in the TEM micrographs in the lower
panel. The three main contrast features are again
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highlighted as filled red circles and the clockwise
rotation of the molecule is indicated in the figures.
The position of these dark contrast spots varies be-
tween Figure 5¢ and d; thus the orientation of the
molecule on the FLG flake changes within 14 s. The
clockwise rotation between the position of the spot
pattern in Figure 5c and d is approximately 60° (cf.
Figure S6a—c). The ensemble of spots is however
located at a fixed position for a period of >28 s. After
54 s exposure (Figures 5f and S6d) the molecule has
moved to another stable position on the FLG flake and
rotated clockwise by another 55°. After 70 s the spots
have disappeared from the field of view (Figure 5g).
Figure 5i shows an enlarged view of the molecule in
Figure 5f. Here it becomes clear that the molecule
exhibits at least six dark contrast spots, of which three
are in good agreement with the most apparent spots in
Figure 5c—e, as highlighted in the lower panel of
Figure 5i. Given the fact that the molecule is now
definitely detached from the sputtered graphene
edge, this spot pattern was investigated by compari-
son with TEM image simulations (cf. Figure S7 in the
Supporting Information). In our study NMP serves to
exfoliate the graphene and therefore most likely also
covers the graphene surface. It has to be expected that
many NMP molecules may have been destroyed or
may have undergone structural transformation during
the electron beam irradiation. However, it is likely that
some NMP molecules may survive in nonirradiated
areas and later on move into the field of view, being
exposed to the electron beam for a significantly shorter
time than other sample areas and thus less affected by
irradiation damage. Further, the dimensions and the
arrangement of the experimentally observed ensem-
ble of contrast spots are in good agreement with
contrast patterns obtained from a NMP molecule on
graphene generated in TEM simulations. Therefore the
TEM simulations were based on an NMP molecule, and
extra groups have been added at various positions
along the five-membered NMP ring structure.

The left panel of Figure 5j shows an atomic model of
an NMP molecule with an extra methyl group attached
(1,4-dimethyl-2-pyrolidone). The color code within the
structural representation of the molecule is as follows:
gray, carbon; white, hydrogen; purple, nitrogen; and
red, oxygen. For better visibility the underlying gra-
phene layers are marked yellow in the model. The
middle panel of Figure 5j shows a simulated TEM
image of the free molecule (i.e, without graphene).
The right panel represents an image simulation of the
molecule on top of five-layer graphene with the gra-
phene contrast subtracted as in the experimentally
observed images. It can be seen that the extra methyl
group (marked with a green arrow) gives rise to an
extra contrast spot in the simulated TEM image match-
ing a contrast spot in the experimentally observed
image. Besides a convergence of the contrast spots,
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tilting the molecule with respect to the underlying
graphene results in a weakening of the contrast of the
extra spot when simulating the molecule on top of five-
layer graphene (see Figure S7, rows IV—VI, column F for
a full set of atomic models and simulated TEM images).
Further TEM simulation of a molecule with an added
propyl group (marked with a red arrow) is presented in
Figure 5k (see also Figure S7, row IX). This 1-methyl-4-
propyl-2-pyrolidone molecule provides a very good
match of the experimentally observed spot pattern. It
would be overreaching to claim that a 1-methyl-4-
propyl-2-pyrolidone molecule is indeed present here.
Our data do not allow for such a definite answer, as
other modified NMP molecules, which have not been
tested in TEM simulation, may give rise to a very similar
contrast pattern. However, the good agreement be-
tween the experimentally observed and the simulated
contrast patterns strongly suggests that a structurally
modified NMP molecule is seen. Challenges associated
with identifying the exact molecular structure also arise
from the fact that the contrast profile of the molecule
on the graphene sheet is orientation dependent; that
is, it changes when translating or rotating the molecule
with respect to the underlying graphene. A detailed
analysis thereof is presented in Figure S8 in the Sup-
porting Information. Therefore, the contrast profile is
not simply a profile of the molecule itself (cf. middle
panels of Figure 5j,k), but a result of the combination
and orientation of the molecule and the graphene
lattice. This demonstrates the challenges in obtaining
the true contrast profile of a light organic molecule and
highlights the limitations of this approach. However,
alteration of molecules by addition of extra groups, i.e.,
growth of a molecule, is not unreasonable even under
continuous electron beam irradiation, as will be de-
monstrated later in the article. Despite these limita-
tions, these studies demonstrate the ability to resolve
finer details of the molecular structure of individual
molecules compared to previous investigations on
light atoms and molecules using conventional
microscopes;?' investigations on elongated molecules,
which will be discussed in the following, will further
substantiate this.

Furthermore, quicker dynamical motion of mole-
cules can be observed since only a single exposure is
necessary to obtain contrast from the adatoms and
adsorbed molecules. This is highlighted in the time
sequences in Figure 6 and Figure 7 (see also Movie S1
in the Supporting Information). Here the dynamic
behavior of a number of molecules and adatoms has
been traced over a period of roughly four minutes. An
overview TEM micrograph, in which the respective
image areas used in Figures 6 and 7 have been high-
lighted, is presented in Figure S9a in the Supporing
Information. In this overview two clusters of amor-
phous species are visible in close vicinity to the in-
vestigated area, which, as suggested from previous
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Figure 6. (a—f) Time sequence of the dynamics of elongated molecules on FLG (image acquisition time: 1 s);
(g) simulated TEM micrographs of a C4H;, alkane chain in three different positions with respect to the graphene sheet; (h, i)
simulated TEM images of a cumulene chain (h) and an alkyne chain (i) in two different positions with respect to the graphene
sheet. The atomic models always correspond to the first simulated image shown. The simulated images are scaled appropriately
to match the scale of the experimentally observed images. All scale bars correspond to 1 nm; (j) area intensity profiles of the chain
molecules marked with colored arrows in (e, f, h, and i); (k—0) magnified and rotated views of these molecules framed with the

respective color.

observations and the molecular dynamics simulations
(cf. Figures 1,2,4b), most probably act as a reservoir of
mainly carbon, but also nitrogen and oxygen atoms for
the formation of the molecules visible in Figures 6 and 7.
Sample drift has been taken into account by accurately
realigning the image using a reference marker. In
these time sequences (Figures 6 and 7) the atom

SCHAFFEL ET AL.

marked with a white circle represents the positional
reference in both figures, which is also highlighted in
Figure S9a in the Supporting Information. Although in
a TEM micrograph one sees only a two-dimensional
projection of a three-dimensional structure, we are
confident that the observed molecules are chain mole-
cules, most likely hydrocarbon chains. We have
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Figure 7. (a—r) Time sequence of the growth and the dynamic behavior of a chain molecule (image acquisition time: 1 s). The
feature circled white in (a) is the same positional reference as in Figure 6. It further is the anchoring point for a molecule
(Figure 7d) that swings around it. Later the molecule anchors to a point further down within the investigated area as
highlighted by the yellow semicircle (m, n); (c;—cs) Positional analysis of molecular features on the FLG xy-plane: (c;) an AB
stacked atomic FLG model is superimposed on frame ¢; (c;—cs) magnified views of the section marked with a gray square in
(cq); (c2) molecular contrast only; (c3) contrast of the FLG sheet with the molecular contrast subtracted as utilized to
superimpose the atomic model; (c;) molecular contrast and atomic model; (cs) molecular contrast highlighted in green.

monitored these molecules over approximately four
minutes. Within this time frame most of the features
appear elongated at all times even though they are
moving and possibly rotating around their length axes.
If extra groups were present, we would expect to
observe them during movement of the molecule.

In the first part of the time sequence (Figure 6) two
chain molecules (#1 and #2) are visible that appear to
be straight and oriented lengthwise in the first frame
(marked with arrows in Figure 6a). After 11 s (Figure 6b)
molecule #1 appears to be stronger in contrast and
longer and shows an elbow-like bend with a projected
angle of approximately 114° (measured value). This
kink suggests that the atom at the kink (that is carbon,

SCHAFFEL ET AL.

oxygen, or nitrogen) is sp>- or sp>-hybridized. The
straight chains on the other hand suggest sp-hybridi-
zation. Molecule #2 has rotated around its upper end
and is now oriented sideways. It keeps this position and
approximate orientation for the duration of the whole
time sequence. Indeed it disappears only after 156 s
(Figure 7h,i, black arrow). In direct comparison, mole-
cule #1 shows stronger dynamics. After 28 s the elbow-
tip appears to have moved ~0.7 nm toward the
reference atom and slightly rotated anticlockwise.
The contrast of the “forearm” can just be seen in this
image (Figure 6¢). In the following images the mole-
cule seems to be shorter, but exhibits a darker contrast.
In this position the molecule is stable for at least
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another 15 s (until 65 s of total exposure, Figure 6f).
After 73 s exposure (Figure 7a) it is no longer visible at
this position.

We conducted TEM image simulations in order to
provide deeper insight into what these elongated
regions of contrast could possibly be, in other words,
what atomic structures could give rise to a similar
contrast. The structures tested in TEM simulation here
have not deliberately been placed on the sample, but
they could easily form from the carbonaceous residue.
Previous studies by others using conventional TEM
suggested hydrocarbon chains, alkanes or alkenes, to
reside on the graphene surface.?’ Therefore, since the
observed structures often appear to be elongated and
since a large amount of carbon and hydrogen atoms
can be expected to be within the residue, hydrocarbon
chains are highly likely candidates. Consequently
alkane, cumulene, and alkyne chains of different lengths
served as test molecules. From simulations of different
hydrocarbon chains, that is, butane (Figure 6g, C4H1o,
alkane), butatriene (Figure 6h, C4H4; cumulene), and
dimethylacetylene (Figure 6i, C4Hs, alkyne) it can be
derived that the experimentally observed chain mole-
cules (or molecular segments in the case of the elbow-
like feature) consist of a minimum of four or five carbon
atoms in the chain (cf. Figure S9 in the Supporting
Information). In the simulations the molecules were
always placed flat onto the graphene surface; therefore
their projected length in the simulated micrographs is
maximized. This of course may not be the case for the
experimentally observed molecules. They may be at an
angle with respect to the underlying graphene, which
inevitably would lead to a shorter two-dimensional
projection in the TEM micrograph. However, r—s-inter-
action between the molecules and the graphene should
lead to a preferential flattening of the molecule.

Further, the chains have been simulated in different
positions with respect to the plane of the FLG sheet;
that is, the chains have been rotated around the
graphene c-axis as a whole as well as rotated along
their principal axis. While the double and triple bonds in
cumulene and alkyne are rigid due to the s-orbitals
overlapping, leading to straight molecules (Figure 6h,i),
the spatial arrangement of the alkane chain is governed
by the tetrahedral sp*-orbitals. This difference can
also be clearly made out in the image simulations,
where the alkane chain always causes a zigzag contrast
(Figure 69g), whereas the cumulene and alkyne chains
appear as straight lines. Further the TEM simulations
reveal that the contrast of the cumulene chain hardly
varies along the molecule's length (Figure 6h), while in
the case of the alkyne chain the methyl end groups lead
to a broadening as well as an increase of the chain's
contrast (Figure 6i). The examined molecules appear to
be rather straight, which suggests sp-hybridization.

Furthermore, the molecules show increased con-
trast toward their ends. Figure 6j summarizes the
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quantitative analysis of the area intensity profiles along
the length of these molecules. The intensity profiles
plotted in Figure 6j correspond to the simulated
molecules marked with a colored arrow in Figure 6h;i
as well as the experimentally obtained micrographs of
molecules #1 and #3, as marked with colored arrows in
Figure 6e,f. For improved visual clarity, magnified and
rotated views of these molecules are presented in
Figure 6k—o and framed with the corresponding color
of the arrow. While the area intensity profile of the
simulated cumulene chain (pink) resembles a plateau,
the profile of the simulated alkyne chain (green) shows
two distinct minima. These minima are also clearly
obtained in the intensity profiles of the HRTEM micro-
graphs. Therefore, the stronger contrast toward the
molecules' ends may be referred to as methyl end
groups (cf. Figure 6i). We further investigated whether
the molecules are aligned with respect to a low-
indexed armchair or zigzag direction of the underlying
few-layer graphene. At times, the molecules appeared
to be aligned with either direction; for example in
Figure 6a both molecules appeared to be oriented
along an armchair direction (as exemplarily high-
lighted in the inset in Figure S9b in the Supporting
Information). However, conclusive evidence for a pre-
ferred arrangement was not obtained from our statis-
tics within the data sets.

The second part of the time sequence is presented in
Figure 7a—r. In addition, Figure 8 gives a schematic
illustration of the observed dynamic behavior of the
molecules. As mentioned above, the molecule that was
located in the middle of the field of view (Figure 6f)
seems to have disappeared after 73 s (Figure 7a).
However, after just seven more seconds (Figure 7b) a
new feature appears just above the reference atom
(white arrow) in close vicinity to the previous location
of the molecule. Therefore, either the molecule has
desorbed and another molecule was released from the
reservoir or the molecule was moving from its original
position to the position it has adopted in Figure 7b,
which is more likely. This suggests that a quick move-
ment occurred while Figure 7a was acquired (1 s
exposure time), since the molecule can hardly be made
out in this frame. In Figure 7c the molecule then moves
toward the reference feature and anchors at the defect
site after another six seconds (Figure 7d and schema-
tically illustrated in Figure 8a—c). At the reference site
dangling bonds may be available and reaction with an
unsaturated carbon atom within the hydrocarbon
chain can lead to a stable bond at this location. The
molecule, now anchored, swings around this fixed
point for about 100 s (Figure 7m, Figure 8d). In
Figure 7h the dynamical motion is so quick that the
molecule cannot be detected within the camera ex-
posure time of 1 s. During this period (Figure 7d—m)
other adatoms move toward the chain molecule.
Frames 7e and 7f show the approach of an adatom
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Figure 8. Schematicillustration of the molecular movement observed via TEM (cf. Figure 7). (a) Carbon atom on top graphene
layer adsorbed in bridge configuration; (b) alkyne chain approaching the defect site; (c) alkyne chain is attached to the
adatom; (d) alkyne chain swings around the anchor point; (e) free end of the alkyne chain is trapped at another carbon
adatom; a short alkane (C3Hg) reaches the site; (f) alkane chain reacts with the adsorbed molecule, thereby detaching it from

the first anchor point.

that is subsequently attached to the molecule
(Figure 7qg). In Figure 7i a darker feature (to the right
of the black arrow), possibly a vertically oriented
molecule (cf. Figure 3¢), is visible, but has disappeared
after 11 s (Figure 7k). Instead some blurred features can
be seen in Figure 7k,m (black arrows) moving toward
the swinging molecule (schematic in Figure 8e). This
feature appears to attach at the top of the molecule
(Figure 7m), possibly detaching the molecule from its
anchor point (Figure 7n, Figure 8f). In the following
figures it can clearly be seen that the anchor point has
now changed to a slightly lower location within the
frame (yellow semicircle). The molecule, now much
longer, swings around this new anchor point, leaving
only a faint contrast in the following frames (white
arrows in Figure 7p,r). Similar to the dynamic behavior
of the adatoms (cf. Figure 2), the molecules in Figures 6
and 7 show positions of fixed stability between varying
motional action, i.e.,, motion on the graphene surface
(xy-plane) or swinging around the anchor point. These
periods of stability can easily be captured within our
image acquisition time of 1 s, as they occur within a
time scale of seconds or even minutes.'®'>?' The
motional action or molecular motion in between those
periods of fixed stability will occur on a more rapid
time scale (down to femtoseconds) and may be de-
tected by other methods, such as UEM, yet with
reduced spatial resolution.'®

Figure 7c;—cs further demonstrate how the posi-
tional analysis of the molecular features on the gra-
phene xy-plane was carried out throughout the
investigation. Frame 7c of the time sequence is used
as an example. In Figure 7c; the atomic model of AB
stacked FLG is superimposed on frame 7c to identify
the orientation of the molecule with respect to the FLG
sheet and the xy position of its anchor point.
Figure 7c,—cs show magnified views of the section
marked with a gray square in Figure 7c;. Here,
Figure 7c, shows the image containing just the mole-
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Figure 9. Molecular graphics “snapshots” of the motion of a
four-atom carbon chain across a graphene layer. The chain
initially rotates about site 1 (a) before forming a “dual-
tether” complex (b), where the chain end bonds to site 2.
The re-energized chain rotates about site 2 (c) and finally
forms a second dual-tether complex at site 3 (d).

cular contrast, while Figure 7c5 shows the contrast of
the FLG lattice with the molecular contrast erased (cf.
Figure S3, ie., inverse FFT of mask), as utilized to
superimpose the atomic model. Figure 7c,,cs then
show the molecular contrast together with the atomic
model as well as a green mask highlighting the fea-
tures. From this analysis it can be concluded that the
molecule is not anchored at a specific lattice site of the
underlying FLG sheet. Further, the molecule's orienta-
tion does not follow a low indexed direction in the FLG
lattice as indicated above.

To investigate the possible molecular chain motion
observed experimentally, molecular dynamics simula-
tions are performed in which a four-atom chain is
adsorbed to a single graphene sheet and then ener-
gized (reflecting the potential use of the electron
beam). Figure 9 shows molecular graphics “snapshots”
of the carbon chain on the graphene sheet. The chain is
initially tethered at site 1 (Figure 9a). On energizing, the
chain rotates until, after t ~ 1.6 ps, the chain end
attaches to the surface at site 2 (Figure 9b), forming a
“dual-tether” complex. The attachment to site 2 effec-
tively dissipates the “excess” chain kinetic energy to
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the graphene sheet. On re-energizing the chain about
tether point 2, the bond to the original tether is broken
and the atom now rotates around site 2 (Figure 9c).
After a further t &~ 1.5 ps the chain attaches at site 3 and
another dual-tether complex is formed (Figure 9d).
These molecular dynamics studies highlight the feasi-
bility of molecular chain motion on a graphene surface
and give support to the experimental observations.

CONCLUSION

We have monitored and analyzed the movement of
atoms and molecules adsorbed on electron beam
cleaned FLG. Making use of HOPG as carbon precursor
as well as NMP as solvent for liquid phase exfoliation
ensures that the adsorbates predominantly consist of
light atoms. The adatoms are found to get trapped on
the graphene surface, remain stably localized for some
time, at least long enough to be imaged in single
exposures with typically 1 s acquisition time, and sud-
denly disappear again. We showed that electron beam
irradiation led to several small atomic clusters fusing
together to form larger molecular chains on the surface
of FLG. Furthermore, we observed such a molecular
chain, most probably a hydrocarbon chain, getting
anchored at a site and swinging around this tether point.

Our findings highlight how beneficial it is to make
use of aberration-corrected LV-HRTEM for the investi-
gation of light molecules, i.e., to simultaneously obtain
atomic structure information as well as their motional
behavior at room temperature. In comparison to con-
ventional TEM greater detail of the molecular structure
can be achieved, and with the support of TEM image
simulations more accurate conclusions on the actual

METHODS

Graphene and FLG sheets were prepared by placing small
flakes of highly ordered pyrolytic graphite in N-methyl-2-pyrro-
lidone solvent and sonicating for 2 h as described elsewhere.?®
The solution was left to settle for 1 h to allow thicker graphite
sheets to sediment to the bottom of the vial. The top third of the
dispersion was pipetted off and placed in a clean vial. For TEM
sample preparation a drop from the dispersion was deposited
onto a 400 mesh lacey carbon coated TEM grid, washed in
methanol, and then left to dry. The graphene sheets deposited
in this way typically comprised 1—-10 graphene layers. NMP
consists of carbon, nitrogen, and oxygen atoms, and HOPG
contains very little metallic impurities as compared to other
graphite sources. Therefore the debris on the surface of the FLG
flakes should contain only light atoms, that is, carbon, nitrogen,
oxygen, and hydrogen.

LV-HRTEM was carried out using the Oxford-JEOL JEM-
2200MCO high-resolution transmission electron microscope,
equipped with probe and image aberration correctors and
operated at an acceleration voltage of 80 kV to minimize sample
damage by the electron beam. The image acquisition time was
typically 1 s. For TEM image simulations the DS ViewerPro soft-
ware was used to generate rectangular supercell structures
consisting of few-layer graphene (5 or 6 layers) as well as
adatoms, molecules, defects, and carbon chains on its surface.
The image simulations of these structures were performed using
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structure of the molecules can be drawn. Here, contrast
intensity profile analysis of the experimentally ob-
served chains and the simulated cumulene and alkyne
chains provided assurance that the increased contrast
toward the end of the molecules may originate from
methyl end groups. Furthermore, by overlaying an
atomic model, atomic-structure information of the
FLG can easily be utilized to identify the adsorbates’
positions as well as their orientation/alignment with
respect to the underlying FLG sheet.

Our results also indicate that in-plane motion of the
adatoms and molecules on the graphene surface is
feasible. The adatom source appears to be the carbo-
naceous clusters of residual solvent species rather than
contaminant atoms from the TEM vacuum. While the
number of successful adsorption events is an order of
magnitude higher for steep projectile angles as com-
pared to shallow angles, as derived from molecular
dynamics simulations, the amount of available carbon
in the microscope's atmosphere that could end up in
the examined region is significantly smaller than in the
clusters, which corroborates the scenario of the clus-
ters being the major source of adatoms and molecules.

We further demonstrated that the dynamic behavior
can be detected through single-shot exposure even for
light molecules that do not contain strong scatterers,
i.e., that mainly consist of carbon and hydrogen. In the
future the technique will allow for the observation of
even quicker dynamics, on the order of 0.1 s and less."*
However, as outlined in this article, great care has to be
taken when using graphene as a substrate for high-
resolution imaging of molecules, since unwanted sur-
face contaminants may compromise the investigation.

JEMS software, which implements the multislice algorithm. TEM
simulation parameters were set to an accelerating voltage of 80
kV, a spherical aberration coefficient (Cs) of —0.01 mm, a chro-
matic aberration (C¢) of 0.8 mm, a fifth-order spherical aberration
coefficient (Cs) of 1 mm, an energy spread of 0.3 eV, a defocus of
1 nm, and a defocus spread of 10 nm, which is sufficient to
resolve the (1010) lattice fringes (0.21 nm) in graphite.

Details on the molecular dynamics simulations can be found
in the Supporting Information.
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