
rsc.li/nanoscale

 Nanoscale

rsc.li/nanoscale

ISSN 2040-3372

PAPER
Shuping Xu, Chongyang Liang et al.   
Organelle-targeting surface-enhanced Raman scattering 
(SERS) nanosensors for subcellular pH sensing 

Volume 10
Number 4
28 January 2018
Pages 1549-2172

 Nanoscale

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  J. Delmage, J. T.

Paci and I. Paci, Nanoscale, 2026, DOI: 10.1039/D6NR00232C.

http://rsc.li/nanoscale
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6nr00232c
https://pubs.rsc.org/en/journals/journal/NR
http://crossmark.crossref.org/dialog/?doi=10.1039/D6NR00232C&domain=pdf&date_stamp=2026-04-13


Journal Name

Silver Exchange Dynamics in Monolayer-Protected
Doped Gold Clusters

Jesse R. R. Delmagea, Jeffrey T. Pacia and Irina Paci∗a

The mechanism of inter-cluster exchange reactions remains an open problem in nanoparticle chem-
istry. Such reactions, first reported in 2015, involve the exchange of metal atoms between ligand-
protected nanoparticles in solution and have enabled the synthesis of heterometallic clusters with
precise dopant counts. While previous computational studies have proposed plausible exchange
pathways, none have explicitly captured the dynamics of a cluster–cluster collision. Here, we use a
direct dynamics approach combined with quantum-based semiempirical potentials to simulate colli-
sions between silver-doped and undoped gold nanoparticles and to follow atom exchange events in
real time. The simulations reveal that restructuring at the core–monolayer interface is a key initi-
ating step, enabling exposure of core metal atoms. Subsequent transfer of silver between clusters
is mediated by thiolate ligands, which stabilize the migrating atom through successive metal–sulfur
interactions across the inter-cluster region. Beyond elucidating the exchange mechanism, this work
demonstrates a general strategy for modeling reactive collisions and large-scale dynamical processes
in nanomaterials.

1 Introduction

Thiolate-protected gold nanoparticles (AuNPs) represent an im-
portant class of nanomaterials with applications in fields ranging
from electro-catalysis to spectroscopy and even bio-medicine.1–4

Among these AuNPs, monolayer-protected clusters consist of
a metallic core of small, constant size, surrounded by a self-
assembled monolayer that stabilizes the cluster and controls its
size. Thiolate protected AuNPs have a gold core surrounded by
SR(AuSR)x (x =1,2) staple motifs,3,5,6 where the residue R is
normally based on an alkyl or aromatic backbone. These well-
studied clusters often exist in “magic number” sizes, which are
more stable relative to similar-sized, non-"magic number" clus-
ters. Clusters included in this class are: Au25(SR)18, Au38(SR)24

and Au144(SR)60 among many others.7–9

The nanometer scale of AuNPs results in size-dependent quan-
tum effects that find use in tunable materials for a variety of appli-
cations,10–12 including drug delivery, optical coatings, and catal-
ysis.13–16 Besides their size, the useful properties of these clusters
are further tunable by alloying with a variety of metals. Doping
these nanoparticles modifies their electronic properties, helping
augment their catalytic performance, enhancing quantum yield or
increasing stability in solution.17–20 Two prominent approaches
exist for synthesizing alloyed AuNPs: a ground-up approach using

a Department of Chemistry and Centre for Applied Materials and Related Technologies,
University of Victoria, Victoria, BC, V8W 2Y2, Canada. Fax: +1 250-721-7147; Tel:
+1 250-721-7152; E-mail: jdelmage@uvic.ca, ipaci@uvic.ca

two different metallic salts19,21,22, and post synthesis exchange
reactions.23,24 The latter involves reactions that occur in solu-
tion between two unique nanoparticles that lead to the formation
of a bimetallic cluster. Negishi et al. published an example of
the former method when they synthesized nanoparticles based
on the “magic” Au38 cluster19 from Na2PdCl4 and HAuCl2 salts,
forming Pd2Au36(SR24). Burgi et al.25 demonstrated formation
of Au38−xAgx(SC2H4Ph)24 by cluster collisions in solution. The
synthesis of CuxPdAu24−x by Muller et al.26 and Hosain et al.27 is
another example of post synthesis modification based on mixing
PdAu24 with small copper-ligand species.

A consensus on the mechanism by which metallic atoms ex-
change between doped and undoped AuNPs during inter-cluster
reactions has not been reached. Initial works suggested that
ligand-metal species could break free of one nanoparticle, diffuse
in solution and bind to another AuNP.28 Moreover, ligand-single
metal atom species were observed in electrospray ionization mass
spectrometry (ESI-MS) studies of Au25 AuNPs by Niihori et al.29

However, later studies showed inhibition of the exchange reac-
tions when membranes suitable for ligand-metal species were
used to separate the reacting AuNPs.30,31 Krishnadas et al. sug-
gested an alternative mechanism wherein close contact of the
nanoparticles weakens the core-monolayer interface, forming in-
termediate complexes with direct transfer of metal-ligand com-
plexes between the two AuNPs.23,32 Membrane studies by Zhang
et al. and Su et al. supported this hypothesis, showing the ab-
sence of new bi-metallic species in ESI-MS scans.31,33 However,
further elucidation of the mechanism is limited by the inability
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of experimental techniques to examine directly the cluster-cluster
interface during the collision process.24,25,31

Research efforts have turned to computational model-
ing to produce a mechanism for inter-cluster exchanges.
Huang and Pei suggested a mechanism based on the forma-
tion of a di-anion adduct between two negatively charged
clusters.34 Using [Au25(phenylethylthiol)18]− and [Ag25(2,4-
dimethylbenzenethiol)18]−, density functional theory calcula-
tions suggest that the first step in an inter-cluster exchange re-
action is the formation of a "twist and lock" adduct structure,
after which metal atom exchange through breaking and recom-
bining the ligand shells via various mechanisms.34 The formation
of transient dimers has been supported by data from ESI-MS ex-
periments and further computational modeling.23,24

Liu et al. used an ab initio molecular dynamics approach to
study the insertion of single metal atom–thiolate adducts into
Au25(SR)−18 and Ag25(SR)18− nanoparticles.35 The work pro-
poses that ligand-metal atom adducts are inserted as a whole
into the cluster, replacing pre-existing ligand-metal atom units.
McCandler et al. used machine learned interatomic poten-
tials to study cluster isomerization and coalescence of two
Au25(SR)18 AuNPs.36 Huang and Pei34 used a combined method
of linear synchronous transit and quadratic synchronous tran-
sit to study the energistics and potential transition states of the
inter-cluster exchange mechanism between [Au25(PET)18]− and
[Ag25(DMBT)18]− clusters. Their study suggests that the mech-
anism occurs in two distinct steps: first the exchange of a metal
atom from the core of a cluster to the staple motif, followed by
an exchange between staple motifs. Their mechanistic study also
shows the necessary formation of a dimer structure prior to metal
atom exchange34. Nevertheless, the dynamics of cluster colli-
sions and the role of ligands in atom exchange have not yet been
unraveled.

Here, we follow the collision of two Au38−xAgx(SC2H4Ph)24

using a direct dynamics approach. Our results suggest that
the formation of dimer adducts between AuNPs occurs prior to
exchange, supporting mechanisms previously proposed by oth-
ers,23,34,37 and highlighting the important role of the thiol in the
exchange process. We propose a methodology for using semiem-
pirical approaches to simulate processes in large nanostructures
using direct dynamics. This method makes feasible the study of
mechanisms of other transformations in nanomaterials and con-
fined systems.

2 Models and Methods

2.1 Models

We examine the process of intercluster atom transfer by following
the collision of a doped Au29Ag9(SC2H4Ph)24 cluster [see Figure
1(a)-(c)] with an undoped Au38(SC2H4Ph)24 AuNP. These clus-
ters take the form of a 23 atom metallic core, as shown in Fig-
ure 1(b), surrounded by SR(AuSC2H4Ph)x (x =1,2) motifs as the
monolayer [Figure 1(c)]. Each sulfur atom is bound to a core
metal atom and a “floating” Au atom in the monolayer. These
monolayer Au atoms are detached from the metal core and reside
in “staple” motifs [see Figure 1(d)], where they are each anchored

by two sulfur atoms. The position of silver atoms in the core were
based on X-ray crystallography data from Kumara et al.38

Fig. 1 Cluster models used in this work. a) Au29Ag9(SC2H4Ph)24. b)
Bi-icosahedron cores of the Au29Ag9 and the Au38 clusters. A total of
23 atoms are in the core, including all 9 Ag atoms in the doped cluster.
c) Au29Ag9(SC2H4Ph)24 with the ligands obscured for ease of viewing.
Au atoms in the core are shown in yellow, while monolayer Au atoms
are highlighted in orange. d) SC2H4Ph-Au-SC2H4Ph-Au-SC2H4Ph staple
motif that forms the outer monolayer of the AuNP.

The entire system containing the two clusters and their ligands
has 940 atoms, and running long dynamics for a system this size
requires accelerated methods. As bond breaking and formation
are likely key steps in the transfer process, a quantum treatment
of the potential is necessary. Here, we use a “semiempirical”
GFN1 method within the xTB code39,40 for the bulk of the cal-
culations discussed below. Unlike other semiempirical methods,
such as DFTB,41 GFN1 does not require pairwise parameters as
input, instead employing both atom specific and global default
parameters.

2.2 Simulating collisions - the “kick” method
We sampled collisions along a variety of trajectories. As shown in
Figure 2, the stationary cluster was centered at the origin of our
unit cell. To generate different initial orientations of the colliding
clusters, rotations of the stationary cluster were performed using
a direction cosine matrix.42 Further details on the sampling of
the collision orientations are provided in Section S3: Details on
Collision Trajectories.

A “kick” method was used to simulate collisions between the
nanoparticles, inspired by direct dynamic, or collision dynamics
methods available in the literature, and generally used for much
smaller systems.43–49 In the direct dynamics approach, initial ve-
locities are biased to induce a collision. The reactants are fol-
lowed using a non-thermalizing molecular dynamics simulation,
until the collision occurs. At that point, a temperature bath is
turned on if appropriate.

In our method, one cluster is assigned an initial centre-of-mass
(“kick”) velocity while the other is initialized with zero net veloc-
ity, leading to a collision event. The time evolution of the sys-
tem is then simulated using an NPT ensemble in the molecular
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Fig. 2 Collision trajectories. The AuNP centered at the origin was rotated
with a direction cosine matrix to study the effect of cluster orientation
during collisions on inter-cluster exchanges.

dynamics implementation in xTB. This setup generates the same
relative velocity as assigning equal and opposite velocities to both
clusters. All atoms evolve freely during the simulation, and no
constraints are applied. Moreover, full rethermalization after the
kick takes time. To ensure that the collision takes place before
the effects of the kick fully dissipate, the clusters are placed close
together initially. This allows for a timely exploration of inter-
cluster reactions during collisions.

The “kick” approach involves distinct steps. In the initialization
step, cluster geometries are optimized individually in xTB. Also
within this step, a molecular dynamics burst of 100 fs, at 300 K,
provides thermalized velocities and allows the thiolate ligands to
move away from their optimized structures. A 1 fs time step was
used.

Step two involves manipulating velocities to invoke a collision.
The mdrestart file produced by xTB at the end of the initialization
process, containing atomic velocities and positions, is edited to
modify the velocities of all atoms in one of the clusters. A biasing
velocity, directed towards the other cluster along the intercluster
axis, is added to all atom velocities. An appropriate bias must
be chosen such that the clusters collide, but do not merge upon
collision. This choice requires benchmarking for each system of
interest.

The third step involves the simulation of the collision process,
within an NPT ensemble, and starting from the altered mdrestart
files. Using geometries similar to Figure 1(a), eleven kick simula-
tions were run for 10 ps bursts. After the initial 10 ps, trajectories
that showed movement of silver atoms from the core were run for
an additional 10 - 15 ps.

2.3 Numerical Details
Simulations were performed with the xTB code using the GFN1-
xTB method with a BJ-D3 dispersion treatment.39,40,50 GFN1 was

chosen over the GFN2 method due to its improved performance
for inorganic clusters: GFN2 has SCC convergence issues for these
systems.51 To benchmark the accuracy of the GFN1-xTB method,
we compared the average metal-sulfur bond lengths and angles
for several descriptors in Au29Ag9(SC2H4Ph)24 clusters optimized
using GFN1 versus a PBE-D4/dhk-def2-SVP and a PBE-D4/def2-
SVP approach in ORCA.52–55 As shown in Figure S1 and Table
S1, the differences between the three methods for several metal-
S bonds and angles were found to be within the standard devi-
ation. For both initialization and collision simulations, we used
a time step of 1 fs, and a temperature of 300 K with the default
Berendsen thermostat56. Standard Born-Oppenheimer molecular
dynamics (BOMD) initialization simulations were run for 100 fs.

Various “kick” velocities were attempted to bias the collision
towards achieving exchange. Initial velocities are reduced imme-
diately by the thermostat, as shown in Figure S4 - as such, an
oversize “kick” velocity input is required to carry out the colli-
sion. As discussed in detail in Section S2 and Figure S4, an input
velocity of 0.00025 a.u. (550 m s−1) added to one cluster at the
first step decays to roughly 100 m s−1 when ligands start moving
out of the way, and to 30-50 m s−1 by the time the metal clus-
ters interact. This velocity is within a standard deviation in the
Maxwell-Boltzmann distribution over velocities for clusters of this
size at 300K, ensuring its physical relevance. A velocity of 40 m
s−1 is sufficient to overcome a reaction barrier of ∼ 0.2 eV.

3 Results and Discussion
We simulate cluster collisions using pristine and silver doped
Au38(SC2H4Ph)24. Silver exchanges between these clusters have
been observed experimentally.25,31 As the silver atoms normally
reside in the core of doped AuNPs,57 we examine first the dy-
namic process at the core-monolayer interface that leads to expo-
sure of the cluster core during the collision process. Ligands are
understood to have an active role in the exchange process.33 We
follow the migration of metal atoms from the core through inter-
actions with sulfur atoms. Lastly, we discuss the implications of
our direct dynamic approach and how it can be used to efficiently
sample reaction timescales and mechanisms in nanomaterials.

3.1 Dynamics at the Core-Monolayer Interface

A reactive collision event begins with a restructuring of the core-
monolayer interface, the region of AuNPs where the ligands bind
to the core [Figure 1(c)]. As the two AuNPs approach each other,
the phenyl groups on the thiols begin to interact repulsively. This
leads to increased dynamics at the interface, with thiols mov-
ing out of the inter-cluster region, breaking bonds between sul-
fur atoms and the cluster core. Once the interface breaks, metal
atoms in the core are exposed and able to move into the inter-
cluster region (see Figure 3).

The figure shows the time evolution of a doped cluster in the
initial stages of a collision with an AuNP. At 0 fs, the initial struc-
ture of the mixed cluster is shown. Silver atoms are buried be-
neath the thiolate monolayer. We follow the evolution of an Ag
atom that will eventually dissociate from the doped cluster, high-
lighted in blue. By 9000 fs, the collision has entered its interactive
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Fig. 3 Surface restructuring during the collision. The incoming cluster is shown from a viewpoint transverse to the inter-cluster axis. Panel (a) shows
changes in the monolayer-core interface during the collision. The silver atom coloured in blue starts in the core and moves towards the surface. The
Ag-S bond highlighted in red in the 9000 fs snapshot breaks by 13500 fs. Panel (b) shows the distance between the silver atom and the sulfur it was
initially bound to. Points on the graph highlighted with arrows correspond to the individual frames presented in (a).

regime. Thiol ligands, including the ligand bound to the high-
lighted atom, have begun to move out of the way, and the silver
atom is approaching the cluster surface, but the sulfur-silver bond
has not yet broken. The S-Ag distance indicated by the short red
arrow in Figure 3(b) has not changed significantly from the initial
value of 2.5 Å. At 13500 fs, the cluster is shown after the colli-
sion has occurred. By this point, dynamics at the core-monolayer
interface has led to the breaking of the Ag-S bond, exposing the
cluster core. This is reflected by the significantly larger (> 4 Å)
distance between the core silver atom and its previously bound
thiolate.

The full trajectory is shown in Figure S8 and Supplementary
movie collision.mp4. Snapshots including both clusters through-
out the collision are shown in Section S3. After the Ag-S bond is
broken, the exposed Ag atom is transferred to the second cluster,
with the formation of new monolayer-core bonds including the
new atom.

3.2 Dependence of Exchanges on Collision Trajectories

Multiple collision orientations were considered. Restructuring of
the monolayer occurred only when the angle between the lon-
gitudinal axes of the two colliding clusters was ≤ 30◦. End-to-
end collisions were thus most likely to result in atom exchange.
The surface monolayer remained intact in side-to-side or end-to-
side collisions. In addition to additional ligand crowding at the
sides of the cluster versus the ends, the surface binding modes
of the ligands are also distinct. On the sides of the clusters, only
monomeric staple units are present, whereas dimeric staple units

are present on the ends58,59 (see Figure 4 for structures).

Fig. 4 Different staple units. a) Monomeric staple unit, where both
thiols are bound to the core of the cluster, found along the long sides of
the clusters. b) Dimeric staple, found at cluster ends, where the middle
thiol is not bound to the core of the cluster. Core and bridging gold
atoms are colored in orange and yellow, respectively, sulfurs are green.

In the dimeric staple units, the middle thiol is not directly
bound to the core of the cluster and is more readily repositioned.
This implies that the core-monolayer is more prone to restructur-
ing around the dimeric staple units, which partly explains why
exchanges occur at the end of the cluster. This is consistent with
research indicating that thiols in dimeric units are more likely
to participate in ligand exchange reactions.60,61 Thus, when the
clusters collide on a side-to-side trajectory, the restricted ligand
movement keeps the core-monolayer interface intact and pro-
hibits the exchange of core atoms in this region (see Figures 5
and S9).

This is due to a combination of a more rigid monomeric staple,
steric hindrance from the bulky phenyl rings, as well as π −π in-
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Fig. 5 Collisions without exchange. When the angle between the longitudinal axes of the two clusters was larger than ≈ 30◦ (here, 90◦), ligands do
not fold out of the path of the collision, preventing core exposure and metal atom exchange.

teractions between ligands the two clusters preventing their fold-
ing away. In order to observe inter-cluster exchange reactions,
collisions must occur on a trajectory that provides ample room
for the adsorbed ligands to move and break the core-monolayer
interface. This dynamic process likely depends on the specific lig-
and, as ligand structures are a key factor in determining cluster
size, geometry and properties.62–64 We will examine the impact
of ligand identity on exchange dynamics in a future work.

3.3 Sulfur Mediated Exchanges

The exchange of silver atoms between AuNPs is mediated by bind-
ing to thiol groups. The formation of successive Ag-S bonds sta-
bilizes the silver atom as it moves out of the core and undergoes
the exchange process. Figure 6 follows the silver and sulfur atoms
relevant to this process throughout a simulation in which the lon-
gitudinal axes of the colliding clusters were collinear. Additional
trajectories, including for other cluster orientations, are provided
in Figures S6 - S10, and Supplementary Movies S1 - S3.

The distances between the exchanging Ag atom and the S
atoms involved in the process tracked over the course of the sim-
ulation are shown in Figure 7. Available literature indicates that
Ag-S bonds are between 2.3 and 2.5 Å.65–67 Before the collision,
the exchanging Ag is positioned in the cluster core and bound to
a single thiol, highlighted in red (see Figure 6 at 0 fs). This is the
unperturbed structure with a fully formed monolayer - time 0 in
Figure 7, with an Ag-S distance of ≈ 2.5 Å.

As clusters approach and cluster cores are exposed, the silver
atom begins to migrate into the inter-cluster region. In Figure
6, at 2250 fs the cluster cores have become exposed and Ag be-
gan to migrate from the core. This migration is accompanied by
movement into the region of another thiol group from the mono-
layer, highlighted in green. As the silver reaches the monolayer
region, it also forms a bond with a thiol (highlighted in blue) from
the neighboring cluster. The blue line in Figure 7 shows the two
atoms approaching, and the bond formed at 2250 fs is maintained
throughout the simulation. Roughly 300 fs later, the migrating Ag
binds to a second thiol group from the target cluster, highlighted
in purple, and the red-highlighted thiol moves away (See Figures
6 and 7. The formation of these two Au-S bonds appears to help
the silver enter into the inter-cluster region. The full trajectory is
provided in Movie S1.

Our results are consistent with the sulfur-mediated exchange
mechanism proposed in DFT calculations from Huang and

Pei,34 for dianionic cluster collisions between [Au25(SR)18]
− and

[Ag25(SR)18]
−. There, formation of a highly stable dimer pre-

cedes exchange via several possible low-lying intermediate states
(≈ 0.5 eV, depending on the pathway), while dimer dissociation
is a slow process with a barrier of ≈ 2 eV. Furthermore, our work
uncovers a dynamic process, where exchange is not an intrinsic
consequence of cluster encounter, but arises selectively from col-
lision geometries that allow monolayer restructuring, core expo-
sure, and successive Ag–S interactions across the intercluster re-
gion.

Hirshfeld charges68 for the Ag and S atoms in key frames of
the trajectory presented in Figure 6 are summarized in Table S3.
Although absolute values should be interpreted with caution, the
changes along the trajectory are consistent with the proposed ex-
change pathway. As the Ag atom leaves the core, its Hirshfeld
charge becomes more positive, increasing from +0.07 at 0 fs to
+0.15 at 1740 fs. At later times, charges on S3 and S4 become
more negative than in the earlier structures, as new Ag-S contacts
form at the inter-cluster region. This trend shows a redistribution
of the electron density as the Ag atom moves from its original
core-monolayer environment into new sulfur coordination envi-
ronments. The PDOS analysis in Figures S15 and S16 supports
this interpretation by showing changes in the Ag-5s/4d and S-3p
projections as exchange proceeds. A careful examination of the
frontier orbitals did not lead to any new physical insight.

No further changes were observed in the 15000 additional
time steps performed beyond 5625 fs. Relatively stable transient
dimers formed at the end of the exchange simulations. Such
dimers have been observed by mass spectrometry,24,37,69 sug-
gesting that their lifetimes may not be accessible via quantum
simulations. Moreover, the natural formation of “magic” number
clusters is likely solution- and ligand-mediated.70,71 Simulations
of the separation process have to consider a time scale several
orders of magnitude longer and larger system sizes including sol-
vent molecules, and are not computationally accessible through
the methods used in this study.

We observed similar dynamics for a range of collision trajecto-
ries and cluster compositions. Exchange processes were observed
for a multitude of trajectories with angles between the two clus-
ters’ longitudinal axes below 30◦. Several such trajectories are
shown and described in section S3. On the other hand, trajecto-
ries in which neither cluster contained dopant atoms (collisions
between pure AuNPs) indicate a different mechanism. As dis-
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Fig. 6 Selected simulation frames showing the role of sulfur in mediating the exchange of silver atoms. Sulfur atoms are highlighted with coloured
circles consistent with the plot in Figure 7: red and green are on the incoming cluster, blue and purple on the target cluster. Corresponding simulation
times are included in each snapshot.

Fig. 7 Time evolution of the Ag-S distance. The distance between the
silver atom highlighted in Figure 6 and nearby sulfur atoms is shown
over the initial 10 ps of a ∼ 25 ps simulation. The literature range for
Ag-S bonds is shown as light blue highlighting in the figure. S1 is in
the core-monolayer interface initially, S3 is a nearby ligand of the mixed
(incoming) cluster, whereas S2 and S4 are on the AuNP and bind to
the Ag atom from the mixed cluster during the collision, facilitating the
exchange.

cussed in Section S3.5, our initial investigation of pure AuNP col-
lisions show no reorganization of the core-monolayer interface
and exchanges based only on the staple Au-SR motifs. We at-
tribute this effect to the stronger Au-S bonding versus Ag-S.72,73

However, to fully unravel these effects, systematic investigations
of the dynamics of exchanges in clusters with different dopants or
pure Au clusters are needed.

3.4 A Direct Dynamic Method in a Semiempirical Frame-
work

The computational approach used in this work is based on di-
rect dynamics simulations driven by a semiempirical density-
functional-based tight-binding Hamiltonian using the xTB code.
The initial velocities of a pair of AuNPs are biased to incite col-
lisions through the manipulation of restart velocities. This ap-
proach enables the simulation of an inter-cluster exchange reac-
tion over a computationally feasible number of time steps, while
still being able to simulate bond formation and breaking.

Figure 8 shows a trajectory comparison between two simula-
tions with and without a biasing velocity. The top frames show
similar initial geometries. Although thermalization was allowed
in both cases (simulations were run in the NPT ensemble), by
≈ 2200 fs, the “kick” approach led to collision, whereas clusters
in the BOMD simulation were still evolving separately. The final
frames show the evolution of clusters after 4500 fs. In the direct
dynamics simulation, we witnessed the silver atom exchange be-
tween the clusters. Again, the clusters in the BOMD simulation
had not yet approached one another. In our initial explorations
of this project, BOMD simulations often ultimately led to cluster
approach and coalescence. However, the process was slow and
a poor reflection of diffusion/collision movements in a solvent,
since the kinetic energy in BOMD is randomly distributed over
atomic velocities, without the collective movement leading to col-
lisions in a solution environment. The “kick” approach provides
these collective components leading to a reactive collision early
in the simulation.

To the best of our knowledge, this is the first application of di-
rect dynamics to study a pair of AuNPs. Previous applications of
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ab-initio-driven direct dynamics, also known as collision dynam-
ics, have been to simulate collisions between individual atoms, or
of atoms and a surface43,47,49. The advent of new, high-quality
semiempirical methods capable of treating transition metals and
large system sizes, allow the extension of direct dynamics ap-
proaches to the study of nanoparticle collisions. In the present
work, a direct-dynamics method was used to study the collision
of a pair of AuNPs totaling 940 atoms.

Fig. 8 Comparison of simulation trajectories with and without a kick.
The trajectory in the left panel shows a reactive collision with the “kick”
approach, whereas the panel on the right shows cluster evolution via the
BOMD approach without a kick.

4 Conclusions and Future Work
We investigated the mechanism of inter-cluster exchange reac-
tions between AuNPs and doped AuNPs, using a direct dynam-
ics approach with a semiempirical level of theory. We show that
the exchange mechanism is highly dependent on dynamics at the
core-monolayer interface. During certain collisions, bonds at the
interface break, exposing metal atoms in the cluster core. Once
exposed, metal atoms from the core migrate between the clus-
ters through interactions with thiol groups from the target clus-
ter. The process can be followed up to the formation of metastable
transient dimers, previously observed in experiments. Lastly, we
discuss how modern semiempirical methods, in particular GFN1-
xTB, expand our ability to study large systems using direct dy-
namics. This approach will allow the study of complex mecha-
nisms in large nanomaterials, such as the nanoparticles investi-
gated here.
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The data supporting this article have been included as part of the Supplementary 
Information. Supplementary Information: optimized geometries, additional information on 
the “kick'' method and collision trajectories, further details on exchange and non-exchange 
collisions examined in this work, and movie files showing diEerent collisions are available 
online. 
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