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Room temperature dynamics of atomic clusters adsorbed on 
graphene: a machine-learning force field molecular dynamics 
study
Ramasamy Murugesana, Ewald Janssensb, Joris Van de Vondelb, Michel Houssaa,c

Abstract

Clusters adsorbed on graphene can alter the electronic and spin-based properties of this two-dimensional material by 
proximity interactions. However, at room temperature, the adsorbed clusters tend to move freely over the surface. First-
principles molecular dynamics simulations are performed to study the motion of size-selected Aun (n = 3 and 6) clusters 
adsorbed on the graphene surface. While the clusters are found to be diffusive along the surface of pristine graphene, the 
presence of C-vacancies in graphene drastically suppresses the diffusion of the clusters and “anchors” them to the vacancy 
site. Besides carbon vacancies, the presence of resist residues like methyl methacrylate, which is commonly used in the 
fabrication process of nanoscale devices, was also considered in this work. The presence of residues on the surface of 
graphene strongly reduces the diffusion of the Aun clusters. 

Introduction
The study of two-dimensional materials has gained widespread 
interest in recent years for electronic and spintronic 
applications. Due to the extreme sensitivity of graphene to its 
environment, adsorbed adatoms, atomic clusters, or other 2D 
materials can serve as ideal tools to tailor its electronic 
properties through proximity interactions, without significantly 
altering its linear energy dispersion. The physical adsorption of 
adatoms can induce charge transfer and band gap opening in 
the electronic structure of graphene, by breaking its sublattice 
symmetry1–3. Besides charge redistribution, the adsorption of 
metal atoms and nanoparticles can (locally) enhance the spin-
orbit coupling (SOC) of graphene, by means of proximity effects. 
To magnify the SOC, graphene can be functionalized by 
interfacing it with e.g. adatoms, various substrates, or transition 
metal dichalcogenides (TMD). The inherent lack of symmetry at 
the graphene and adatom/substrate/TMD interface enables the 
enhancement of interfacial SOC 4–8. 
In addition to adatoms, size-selected atomic clusters can 
modulate graphene's properties.  One of the intriguing features 
of the clusters is that their properties strongly depend on their 
size and composition 9–12. This leads to a unique atom-by-atom 
control over the induced physio-chemical and electronic 

properties in graphene. Srivastava et al. studied the doping 
characteristics of Aun and Fen clusters adsorbed on perfect and 
defective graphene13. They observed a size-dependent charge 
transfer from the clusters to graphene, with the interaction 
being more pronounced in the presence of a graphene vacancy 
defect. 
Supported metal clusters attract significant interest due to their 
size-dependent reactivity, fluxionality and potential use in 
atom-efficient catalysts. Recent efforts highlight how the 
interplay between cluster geometry, charge redistribution and 
the electronic structure of the support governs the catalytic 
performance14. A recent review emphasized that understanding 
adsorption energies, diffusion pathways and support-induced 
structural distortion is essential for establishing structure-
reactivity relationships in metal cluster catalysis 15. In this 
context, graphene provides a well-defined electronically 
tunable support on which the intrinsic behavior of small cluster 
can be probed.
Few recent experimental studies have been devoted to the 
study of the interaction of graphene with metallic clusters. In 
the work of Scheerder et al, the first experimental 
demonstration of size-specific adsorption of gold clusters 
(comparing Au3 and Au6) on graphene has been reported 16. 
From the electronic transport measurements, it was observed 
that the adsorbed gold clusters of different sizes dope graphene 
very differently. Subsequently, Keijers et al, fabricated a 
graphene nonlocal spin valve modified with Au3 or Au6 clusters, 
and performed Hanle spin precession measurements to study 
the enhanced spin-orbit interaction in graphene induced by the 
atomic clusters 17. These studies highlight the size dependent 
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effect of Au clusters absorbed on graphene, with a peculiar odd-
even oscillation in their induced properties. Besides the induced 
electronic and magnetic properties in graphene, gold clusters 
were also studied for their chemical reactivity. Libeert et al, 
explored the Au3 adsorbed graphene system as a probe to study 
the adsorption and desorption kinetics of oxygen molecules on 
the gold clusters 18. These works collectively underscore the 
emerging importance of atomically precise cluster-support 
interfaces.
Recent works on supported metal clusters emphasize that 
predictive modelling requires not only knowledge about the 
equilibrium adsorption configurations and also of the dynamical 
behavior of clusters on surfaces15. Libeert et al 18 and Zarshenas 
et al 19 showed that atomic clusters adsorbed on graphene can 
be quite mobile, i.e. at room temperature they can move along 
the surface of pristine graphene. In the recent work of Settem 
et al 20 the potential energy surface of large Au nanocluster 
adsorbed on graphene/graphite were studied for predicting 
cluster diffusion pathways and pinning events. They observed a 
reduced barrier for pathways involving simultaneous rotation 
and translation. Similarly, a recent perspective on atomically 
precise cluster-support interfaces argues that accurate first-
principles simulations are essential to capture the diffusion, and 
deformation effects of the cluster adsorbed on the support21.
 Scheerder et al 22 attempted to observe Au3 clusters deposited 
on graphene using scanning electron microscopy (SEM), and 
they observed large, coalesced structures with a radius of about 
3 nm. These large structures were estimated to account for 
approximately 30% of the total deposited gold23. Though 30% 
of the deposited clusters coalesce, the remaining 70% was 
assumed to remain dispersed; with the remark that those small 
clusters could not be imaged due to the resolution of the SEM 
setup. It is still unclear what might be causing this inhibition of 
the diffusion of a large fraction of the clusters. The graphene 
surface corrugation due to the Si/SiO2 supporting substrate 
could be one of the reasons 24. Another possible effect that 
could hinder the diffusion of the clusters is the presence of 
resist residues. Polymer chains like polymethyl methacrylate 
(PMMA) can be left on the graphene’s surface during device 
processing, such as the transfer of graphene on Si/SiO2 
substrates, the etching of graphene, or during metal contact 
patterning. These PMMA residues could act as “trapping sites” 
and restrict the motion of the clusters 25,26. Finally, the presence 
of vacancies in graphene has also been reported to suppress the 
motion of adsorbed atoms 27. 
In this work, first-principles molecular dynamics simulations are 
performed to study the diffusion dynamics of Aun (n= 3 and 6) 
clusters on a freestanding graphene monolayer. The impact of 
C-vacancies and resist residues, specifically C5H8O2 methyl 
methacrylate (MMA), a monomer of the PMMA polymer 
utilized in the nanofabrication process, are investigated for their 
influence on the motion of the clusters. The results from our 
simulations suggest that the Au3 and Au6 clusters are quite 
mobile on the surface of pristine graphene. The presence of 
resist residues is found to hinder the motion of the adsorbed 
clusters; the estimated diffusion coefficients of the clusters are 
indeed strongly reduced by the presence of MMA. The analysis 

of the cluster mean-square displacements indicates the sub-
diffusion of the Aun clusters on the graphene/MMA surface. But 
only in the presence of a carbon vacancy on the graphene’s 
surface, the diffusion of the clusters is completely suppressed. 
The motion of the clusters is restricted near the vacancy site, 
which strongly “anchors” the cluster. The doping efficiency and 
the electronic structure of the cluster/graphene system are also 
altered by the presence of the C-vacancy.

Methods
The simulation results presented in this manuscript were 
performed using density functional theory (DFT), as 
implemented in the Vienna ab initio simulation package (VASP) 
with plane wave basis sets 28–30. The ion core of the atoms was 
described using projector-augmented wave potential 31. The 
structural relaxation calculations were performed using a 5×5×1 
k-point mesh with an energy cut-off of 400 eV 32. The structures 
were relaxed until the forces between the atoms were less than 
25 meV Å-1. The clusters were relaxed on a 5×5 graphene 
supercell to avoid interactions between the clusters. The z-axis 
of the supercell was set to 20 Å to prevent spurious interlayer 
interactions. The exchange and correlation part of the 
Hamiltonian was described using the generalized gradient 
approximation (GGA) as developed by Perdew, Burke, and 
Ernzerhof (PBE) 33. To account for the van der Waals 
interactions (vdW), a dispersion correction term (DFT-D3) of 
Grimme et al. with Becke-Johnson damping function was used 
34–36. To validate the PBE-D3(DJ) description of the Au clusters-
graphene interaction, the  Au2-coronene binding energy curve 
was benchmarked against DLPNO-CCSD(T), using a procedure 
adopted in Refs. [37,38]. PBE-D3(BJ) underestimates the 
binding energy by ~0.33 eV but it accurately reproduces the 
shape of the curve, equilibrium distance (≈2.31 Å), and the site-
dependent corrugation of the potential energy surface (see 
Supporting information for more details). 
Molecular dynamics (MD) simulations were performed using 
“on-the-fly training” of machine learning (ML) force fields, as 
implemented in VASP 39–41. MD simulations were done on (5×5) 
graphene supercells within the canonical ensemble (NVT) using 
the Nosé-Hoover thermostat, with the temperature set to 300 K 
42–44. The trajectories of the systems were computed for 1 ns 
with a time step of 1 fs for the pristine cluster/graphene 
systems and the graphene with a single C-vacancy in a 5×5 
supercell. For the cluster/graphene systems with an MMA 
monomer, the time step was fixed to 0.5 fs, because the 
presence of H atoms with lighter nuclei requires the use of a 
reduced time step. The results obtained from the MD 
simulations were further processed using VASPKIT and 
MDAnalysis, to extract the quantities of interest 45–47.
The binding energy (𝐵𝐸) of the clusters on graphene was 
calculated using the following equation

𝐵𝐸 =  𝐸𝑔+𝑀𝑛 ― 𝐸𝑔 ― 𝐸𝑀𝑛 ,

(1)
where 𝐸𝑔+𝑀𝑛 is the total energy of the cluster adsorbed 
graphene, 𝐸𝑔 is the energy of pristine graphene, and 𝐸𝑀𝑛 is the 
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energy of an isolated cluster with n atoms. All energies were 
obtained after full geometrical optimization without imposing 
any structural constraints. To obtain the electronic structure for 
the ground state configuration of the graphene/Aun system, the 
Brillouin zone was sampled with a denser mesh of 13×13×1 k-
points. The width of the Gaussian smearing for the occupation 
of electronic levels was set to 0.05 eV to obtain the band 
structures.

Results and Discussion

a. Clusters adsorbed on pristine graphene 

To access the room temperature dynamics of the Aun clusters 
absorbed on graphene, the starting structural configuration is 
obtained by performing DFT-based geometrical relaxation. The 
lowest energy configuration for the absorbed clusters is 
obtained by relaxing the entire structure: Aun clusters are 
relaxed in all possible configurations to obtain the equilibrium 
configuration. The Au3 cluster prefers to adsorb on a C-C bridge 
position with a binding energy of -1.06 eV. The Au-C bond 
lengths are about 2.25 Å and 2.52 Å. The adsorption of the Au3 
cluster on graphene slightly distorts the C-C bond length: the C–
C bond length between the anchor carbon atoms is increased 
by 0.025 Å, and its nearest neighbour bond length is distorted 
by 0.01–0.02 Å. The Au6 cluster prefers to align parallel to the 
graphene plane at a distance of about 3.4 Å, with an estimated 
binding energy of -1.19 eV 17,48. In addition, the Au6 cluster 
adsorption does not result in significant distortion of the 
graphene plane. In their lowest energy configuration, the Au 
atoms of the Au6 cluster are located above hollow sites of 
the graphene honeycomb lattice. Electronic structure 
calculations were also performed to determine the doping 
characteristic of the adsorbed cluster on graphene’s electronic 
structure. The adsorbed Au3 cluster leads to n-type doping of 
graphene, as observed from the shift of the Fermi level above 
the Dirac point, with an estimated doping efficiency of 0.033 e 
per cluster 48. The predicted n-type doping for Au3/graphene is 
in agreement with the experimental work of Scheerder et al 16 
and Keijers et al 17. 

Figure 1: Trajectories of Au3 (a) and Au6 (b) cluster’s center of mass on pristine 
graphene during an MD simulation runs of 1 ns at 300 K. The red and grey 
circles denote the carbon atoms of the graphene sheet, with red ones 
indicating the initial 5×5 supercell utilized as the starting position for cluster 
adsorption.

However, experiments also indicate n-type doping for Au6 
clusters adsorbed on graphene, while the DFT simulations on 
Au6 cluster adsorbed on pristine graphene do not yield any 
doping effect 17,48. Possible reasons for the discrepancy could be 
due to substrate effects or the presence of defects; doping 
induced by a single carbon vacancy or (part of) the clusters 
coalescing into a larger structure, thereby resulting in a 
different doping behavior than predicted by DFT simulations. To 
address this issue, it is essential to first establish if the clusters 
are mobile on the surface of graphene. In later sections, we 
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address how the presence of defects and “mobile” clusters 
could modify the density of states at the Fermi level. 
The dynamics of the clusters on the freestanding pristine 
graphene layer is first investigated. DFT equilibrium atomic 
configurations for Au3 and Au6 clusters adsorbed on graphene 
17,48 were chosen as the initial systems for the MD simulations. 
The migration profile of the clusters along the graphene surface 
is studied by following the trajectories of the cluster’s center of 
mass (CM). Figure 1 shows the trajectories of cluster’s CM 
during the MD simulation, the red and grey circles indicates the 
position of carbon atoms of the graphene sheet. From this 
figure, it can be observed that the clusters are mobile at room 
temperature. After 1 ns, the Au3 and Au6 clusters move over 2D 
(XY) surfaces with areas of 9.9 nm2 and 24.3 nm2, respectively. 
The area was estimated from the maximum displacement of 
cluster trajectories in both the x and y directions, as presented 
in Figure 1. The maximum displacements along the Z-axis, 
perpendicular to the graphene surface, are found to be in the 
range of ~0.02 to 0.06 Å. Such short displacements indicate that 
the clusters remain adsorbed to the graphene surface during 
the simulation. The observed bigger spread of trajectories for 
the Au6 cluster, in comparison with the Au3 clusters, confirms 
that the interaction between the cluster and graphene depends 
on the size of the cluster.
To further understand the dynamics of the cluster, the mean 
square displacement (MSD) of the cluster was calculated, using 
the windowed MSD method 25,45, where the MSD is averaged 
over all possible lag times (𝜏), as provided by the following 
relation,

𝑀𝑆𝐷(𝜏) =
1
𝑁

𝑁

𝑛=0
|𝑟(𝑛∆𝑡 + 𝜏) ― 𝑟(𝑛∆𝑡)|2

(2)
where 𝑟 are the coordinates of the center of mass of the cluster, 
∆𝑡 is the simulation time step and 𝑁 is the number of sub-
trajectories that fit within the total simulation time. The lag time 
corresponds to the duration of all the possible sub-trajectories 
that can be formed within the total trajectory. From this 
equation, the statistical significance of the computed MSD 
decreases for a longer lag time, as the number of sub-
trajectories available for calculating MSD decreases. 𝜏𝑐𝑢𝑡= 50 ps 
was chosen to fit the MSD; based on the observed cluster 
trajectory in Figure 1, this 𝜏𝑐𝑢𝑡  corresponds to the time the 
cluster remains in the diffusion domain. To identify the diffusion 
process from the MSD plot, the following relation between MSD 
and diffusion constant was used,

𝑀𝑆𝐷 = 4𝐷𝜏𝛽

(3)
The power-law exponent 𝛽 can be used to classify the diffusion 
process as subdiffusion (𝛽<1), normal diffusion (𝛽=1) or 
superdiffusion (𝛽>1). 

Figure 2: Log-log plot of MSD vs lag time, with the red dashed lines 
representing a power law fit with equation (3) obtained at 𝜏𝑚𝑎𝑥 = 50 ps for 
Au3 (a) and Au6 (b). The probability distribution histogram of the extracted 
slope 𝛽  for multiple time interval [0:𝜏] as computed from the trajectories in 
Figure 1. 

The slope in the log-log plot of MSD vs 𝜏 can be used to extract 
information regarding the diffusion process 49,50. Figure 2 
presents a log-log plot of the MSD of the cluster's CM vs 𝜏, 
represented by a solid line. However, as shown in the work of 
Kepten et al 51, the slope of the curve is not constant, and it 
depends on the selected time interval for the fit. This variability 
can affect the interpretation of the diffusion dynamics in the 
system. Therefore, the linear fit of the curve was performed 
over multiple time intervals [0:𝜏], with 0 < 𝜏 ≤ 50 ps. The 
probability distribution histogram of the extracted slope 𝛽  of 
the MSD vs 𝜏 curve is plotted in the insets of Figure 2.  Generally, 
as 𝜏→∞, the slope values dictate the diffusion process, 
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therefore within the context of this work, the slope at 50 ps is 
used to identify the diffusion process. The corresponding fit to 
the MSD plot at 𝜏 = 50 ps timescale is provided in Figure 2, 
where the red-dashed line corresponds to the fit. In the case of 
the Au3 cluster (Figure 2 (a)), 𝛽≈1.01 is obtained. This suggests 
that the diffusion of the Au3 cluster on the graphene surface is 
in normal-diffusive behavior. The probability distribution 
histogram shown in the inset also resulted in a value of 𝛽≈1.1 
suggesting a normal-diffusive behavior. Whereas, in the case of 
the Au6 cluster (Figure 2 (b)), 𝛽≈1.38, thereby suggesting a 
super-diffusive behavior. This can be correlated to the 
trajectories plot in Figure 1 (b), where the trajectories are 
composed of pieces of directed motion that connect domains of 
random walks. The probability distribution histogram of the 
slope 𝛽 for Au6 cluster consistently exhibits values exceeding 1, 
with the most probable value being 1.4. This observation 
further supports the classification of super diffusive behaviour 
for the Au6 cluster adsorbed on graphene. We speculate that 
the superdiffusive behaviour of the Au6 cluster could be related 
to its adsorption geometry and interaction strength. The Au6 
cluster is located at 3.4 Å above graphene, and no significant 
distortion of the graphene layer is observed. Its planar structure 
effectively “floats” above graphene, enabling to reduce the 
energy barrier for diffusion and resulting in a super-diffusive 
behaviour. 

b. Clusters adsorbed on graphene with a carbon vacancy

Based on the results obtained from the MD simulations, it is 
very likely that the clusters are mobile on the surface of single 
layer graphene. The presence of a single carbon vacancy (SV) in 
graphene is expected to result in a much stronger binding 
energy with the atomic clusters 52. The SV could then act as an 
anchor site for the cluster adsorption, which restricts its 
diffusion. Initially, geometrical relaxations were performed on 
Au3 and Au6 clusters adsorbed on SV graphene. As shown in 
(supplementary information S1), the clusters prefer to adsorb 
at the vacancy site. Note that upon relaxation, the geometry of 
the Au6 cluster is deformed. The “anchoring” Au atom of the 
cluster is pulled closer to the defect site (Au-C ~2 Å), thereby 
significantly deforming the planar geometry of the Au6 cluster. 
Similar to the results on Cu clusters reported in Ref. [52, the Au 
clusters also exhibit a much stronger interaction with defective 
graphene. The binding energies of the clusters on SV graphene 
are compared in Table 1. Based on these computed values, the 
presence of the C vacancy likely results in the chemisorption of 
the clusters on graphene. 
The presence of a single carbon vacancy in graphene alters its 
electronic structure and produces localized states within the 
band gap 53. Figure 3 shows the projected density of states 
(PDOS) of SV graphene’s 𝑝𝑧 states upon Au3 and Au6 cluster 
adsorption. The adsorption of the cluster induces a charge 
transfer with SV graphene, resulting in the shift of the Dirac 
cone from the Fermi level. In the case of Au3 cluster adsorption, 
the Fermi level lies within the valence band (similar to SV 
graphene 53), but when compared to the PDOS of SV graphene, 
there is a downward shift of the Dirac cone (as shown by the 

arrows in Figure 3), suggesting electron transfer from the 
cluster to the graphene, with a doping efficiency of 0.014 
electrons per cluster, which is about two times larger than the 
experimentally extracted value (0.006 e per cluster) on single 
layer graphene without carbon vacancies17.

Figure 3: The projected DOS (PDOS) of graphene pz orbital states in SV 
graphene without clusters (black) and SV graphene with an absorbed Au3 
(blue) and Au6 (green) cluster. The red arrows correspond to the positions of 
charge neutrality points in the different cases and the vertical dotted lines 
indicate the Fermi energies. The positive and and negative value correspond 
to the density of spin up and spin down states, respectively. 

 In the case of the Au6 cluster adsorbed on defective graphene, 
there is no state at the Fermi level. However, the Dirac point of 
Au6 adsorbed on defective graphene (as indicated by the arrow 
in Figure 3 is shifted downwards in comparison to that of SV 
graphene, indicating a negative shift in the charge neutrality 
point, when referenced with SV graphene. Based on the shift of 
the Dirac point, compared to SV graphene, we estimate a 
doping efficiency of 0.065 electron per cluster. The predicted 
value for doping efficiency is in good agreement with the 
(experimentally) estimated value of 0.08 electron per cluster by 
Keijers et al for pristine graphene without carbon vacancies 17. 
The dynamics of the clusters adsorbed on SV graphene were 
next studied by performing MD simulations for 1 ns. The 
trajectories of the Aun cluster’s CM are plotted in Figure . Both 
the Au3 and Au6 clusters are strongly confined to their 
adsorption site. The inset of Figure 4 provides a view of the unit 
cell used in the computation; one can observe that the clusters 
remain close to the initial adsorption sites (i.e. the C-vacancy). 
The much stronger interaction between the Au clusters and SV 
graphene thus results in the restricted motion of the clusters 
near the vacancy site, which acts as a “trapping site” for the 
clusters. The clusters only exhibit pure rotational motion 
throughout the entire duration of the MD simulation, without 
any diffusional motion.

Page 5 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
7:

53
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP03493K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03493k


ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

While carbon vacancies effectively restrict the motion of the 
clusters, it is unlikely that experiments17,54 were performed 
solely on defective graphene. The presence of vacancies would 
modify the electronic structure of graphene, potentially 
negating some of the benefits derived from its linear dispersion. 
Therefore, we considered other possible defects which could 
restrict the diffusion of the clusters, without strongly modifying 
the Dirac cone. One possible candidate is a resist residue, 
resulting from the nanofabrication of functional graphene 
devices. 

Figure 4: The MD trajectories of Au3 (a) and Au6 (b) clusters adsorbed on 
graphene with a single carbon vacancy. The trajectories of the cluster remain 
confined at the adsorption site in the simulation unit cell as shown in the 
insets.

c. Clusters adsorbed on MMA/graphene

The impact of MMA residues on the mobility of the clusters is 
next studied. To obtain the initial geometrical configurations for 
the MD simulations, structural relaxation calculations were 
performed on the cluster-adsorbed graphene surface with 
C5H8O2 MMA residues at different locations. The obtained 
lowest energy configurations are shown in the inset of Figure 6 
for the Au3 and Au6 clusters.

Figure 5: The projected DOS (PDOS) of the graphene Pz orbital states for (blue) 
Au3 and (green) Au6 cluster/MMA/graphene. 

The impact of the MMA residues on the electronic structure of 
the cluster/graphene systems was considered by computing the 
electronic density of states; the PDOS of graphene 𝑃𝑧 orbital 
states are plotted in Figure 5. The presence of the MMA 
residues does not lead to any significant doping of graphene, as 
no visible shift is observed in graphene’s 𝑃𝑧 orbital states. 
However, the presence of MMA residues slightly increases the 
binding energies of the clusters by 0.12 eV and 0.27 eV for the 
Au3 and Au6 clusters, respectively, as indicated in Table 1.

Table 1: Binding energies BE of Au3 and Au6 clusters adsorbed on 
pristine graphene, graphene with MMA residue, and graphene with a 
C-vacancy.

Cluster
Pristine 

graphene
(eV)

Graphene/C5H8

O2 (MMA)
(eV)

Single C-Vacancy 
(SV) Graphene

(eV)

Au3 -1.06 -1.18 -4.20

Au6 -1.19 -1.46 -3.34

The DOS and binding energy calculations suggest that the 
presence of MMA residues could influence the diffusion of the 
clusters, without altering their electronic properties. The 
trajectories of the cluster’s CM along the graphene surface with 
MMA residues are plotted in Figure . Compared to pristine 
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graphene/Aun systems, in the presence of MMA residues Au 
clusters show reduced diffusion, with trajectories Au3 and Au6 
clusters CM covering an area of 0.86 nm² and 1.36 nm², 
respectively. These smaller areas indicate that MMA residues 
significantly limit the movement of Au3 and Au6 clusters. 

Figure 6: The trajectories of Au3 (a) and Au6 (b) cluster’s center of mass during 
the MD simulations on graphene surfaces with MMA residues. Inset: The 
relaxed geometrical configurations for Au3 (a) and Au6 clusters (b) adsorbed 
on graphene with C5H8O2. The carbon atoms of MMA residues are shown in 
different colors. 

Since MMA residues suppress the motion of Auₙ clusters on the 
graphene surface, they likely alter the diffusion mechanism of 
the clusters compared to that on pristine graphene. The log-log 
plot of MSD vs 𝜏 is shown in Figure 7 for Aun clusters adsorbed 
on graphene with MMA residues. The slope values at 𝜏𝑐𝑢𝑡 for 
Au3 and Au6 clusters were found to be 0.71 and 0.92, 

respectively, with their corresponding fit to MSD plot shown by 
red dotted lines.  When compared to pristine graphene in Figure 
2, the slope in the presence of MMA residue is less than 1 at 𝜏𝑐𝑢𝑡
, suggesting a sub-diffusive diffusion process for both clusters. 

Figure 7: Log-log plot of MSD vs lag time, with the red dashed line 
representing the power law fit obtained at 𝜏𝑚𝑎𝑥=50 ps for Au3 (a) and Au6 (b) 
clusters absorbed on graphene layers with MMA residues. The probability 
distribution histogram of the extracted slope 𝛽  for multiple time interval [0:
𝜏] as computed from trajectories in Figure 6.

The probability distribution histogram of the extracted power 
law exponent 𝛽, shown in the inset of Figure 7, further supports 
the observation of sub-diffusive behavior for both Au3 and Au6 
clusters. In both cases, the most probable value of 𝛽 is found to 
be less than 1. This indicates that, under the influence of MMA 
residues on the graphene surface, the diffusion of these Aun 
clusters is suppressed, and follows a sub-diffusive process. To 
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address the reliability of our conclusion that the presence of 
MMA residues reduces the diffusion of the Aun clusters, we 
repeated the simulations on a 10x5 graphene supercell. The 
slope value at 𝜏𝑐𝑢𝑡 was found to be 0.705, with the most 
probable value of 0.8, in good agreement with the results 
obtained for the smaller supercell (supplementary information 
S5). The consistent observation of a 𝛽 values less than 1 for both 
cluster sizes reinforce the conclusion that MMA residues 
significantly restrict the movement of the Aun clusters, when 
compared to the pristine graphene without any 
defects/impurities. 

Note that the MMA residues are also mobile on the graphene 
surface (supplementary information S2). Further analysis of the 
MD trajectories indicates a correlation between the motion of 
the MMA residues and the Aun clusters, both remaining in the 
vicinity of each other. The distance between the CM of cluster 
and MMA residue remains almost constant throughout the 
entire MD simulation (supplementary information S3). The 
MMA residues act as an “obstacle” to the cluster motion, 
thereby making the cluster motion sub diffusive. Note that the 
clusters could interact with the MMA residues to form metal-
organic complexes, and the induced properties of graphene 
would be further modified by such complexes. Although the 
production of these metal-organic complexes was not observed 
within the computed time scale, these reactions could certainly 
occur at larger timescales.

Conclusions
Molecular dynamics simulations have been performed to study 
the room temperature dynamics of Aun (n=3,6) clusters on 
different single layer graphene surfaces: pristine graphene, 
graphene with a carbon vacancy, and graphene with MMA 
residue. Our results indicate that the clusters move nearly freely 
over the surface of pristine graphene. The clusters could thus 
diffuse and coalesce to form larger aggregates on graphene.
Defects, such as carbon vacancies, are found to “anchor” the 
Aun clusters, strongly suppressing their motion on the 
graphene’s surface. This finding could benefit the studies 
aiming to investigate the chemical reactivity of the clusters, 
which remain trapped to the vacancy sites. Since carbon 
vacancies can be formed on graphene by the bombardment 
with e.g. Ar ions, prior to the cluster adsorption23, they could be 
used to anchor the clusters.
In addition to vacancies, the presence of contaminants such as 
methyl methacrylate (MMA) resist residues is found to 
significantly reduce the motion of the clusters, suppressing their 
diffusion coefficients by an order of magnitude compared to 
pristine graphene. The reduction of the cluster mobility is likely 
related to the observed correlated motion between the clusters 
and residues from the MD simulations, which requires further 
studies. Interestingly, while these residues restrict cluster 
diffusion, they do not appear to significantly affect the clusters' 
electronic interactions with the graphene substrate. Such 
unintentional residues may thus inadvertently aid in 
immobilizing the clusters. This insight suggests that the motion 

of the cluster could be “controlled” through the introduction of 
impurities that do not chemically react with graphene, offering 
a potential strategy for experimental design.
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Data availability 
The results presented in this work were performed using Vienna Ab initio Simulation Package (VASP). The 
DFT optimized structure, which was the starting structure for MD simulation is provided with the supporting 
information.    
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