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Thermal stability of L-cysteine-protected Auys
clusters: interplay between melting and
ligand desorption
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Richard E. Palmer €2 *? and Andrey V. Solov'yov®

We investigate the thermal stability and melting of a monolayer-protected Au,sCysig cluster using
classical reactive molecular dynamics simulations. While the enhanced thermal stability of thiol ligand-
protected gold clusters compared to corresponding unprotected gold clusters is well known, the
mechanism of melting of the protected clusters has not yet been studied in detail. Our results
demonstrate that the covalent bonding of the thiol ligands in a Au,sCys;g cluster stabilises the gold core
against thermally induced isomerisation and melting. The Au,sCys;g cluster undergoes a melting phase
transition at temperatures of ~580-760 K, which exceeds by approximately 400 K the melting tem-
perature of a bare Auys cluster. The loss of thermal stability of the ligand-protected cluster occurs
through an interplay of the metal core melting and the cascade evaporation of cysteine (Cys) ligands on
the nanosecond timescale. The simulation results are validated by comparison with the results of ab
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1. Introduction

Atomically precise ligand-protected gold clusters have attracted
strong interest for their distinctive physicochemical proper-
ties'™ and their potential technological applications in various
fields, including catalysis™® and biological applications such as
bioimaging, sensing, and targeted drug delivery.”® The choice
of specific ligands is known to determine the functional proper-
ties, stability and structure of gold clusters.'®"" The gold-
sulphur covalent bonding offers significant advantages in the
stabilisation of gold surfaces, clusters and nanoparticles.'?
Some applications of these materials require their exposure
to elevated temperatures, so the thermal stability is of both
applied and fundamental interest.

Thiol-protected gold clusters have been experimentally
synthesised with well-defined numbers of atoms,"® some
of the most stable and widely studied being Au,s(SR)qs,
Au3g(SR)z4, AUg0(SR)44, and Augg,(SR)so (where SR stands for
a thiolate ligand)."**® These systems consist of a metal core
protected by a heavily reconstructed surface layer based on
Au-S structural bonding. The most common motif is typically
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initio calculations and relevant experimental data.

referred to as a “Au-S staple”.'” Au,5(SR);5 clusters have been
studied experimentally with a variety of thiolate ligands®*%*°
and have shown high resistance to thermal stress, core etching
and spontaneous decomposition.’*? As a result, Au,s(SR)s
clusters are versatile for biomedical applications, including
biolabeling, photothermal cancer therapy and high-resolution
in vivo imaging.”'® Successful biomedical investigations
have focused mainly on glutathione-protected Au,s clusters
[Au,5(SG)1s)-

Another attractive ligand with similar bio-functional cap-
abilities is the amino acid r-cysteine (Cys; chemical formula
C3H,NO,S). Cysteine is the only amino acid with a terminal
thiol group, which allows formation of covalent bonds with the
gold clusters, while its amine and carboxyl functional groups
enable conjugation to bioactive elements, such as tumour-
targeting drugs, DNA, and proteins including antibodies.
Au,;5Cys;g nanoclusters have been synthesized within 10 min-
utes via a simple protection-deprotection wet chemical
method.*® More recently, Au,sCys;s nanoclusters were synthe-
sised even faster in a tube-in-tube membrane reactor.?® In the
later study, these clusters exhibited antibacterial activity and
were shown to enhance the photobactericidal effects of crystal
violet treated silicone.

Computational modelling greatly complements experi-
mental analysis of the structure, dynamics, and properties of
thiol-protected gold clusters. Most computational studies of
such clusters have been performed using density functional
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theory (DFT), which has provided insight into the geo-
metries and electronic structure of specific clusters of different
sizes.>*">° Much less attention has been paid to the study of the
thermal stability and thermally-induced structural and phase
transitions in such clusters, which is obviously relevant to some
applications. While the thermodynamic properties and melting
of bare metal clusters have been extensively studied both
experimentally®*™* and theoretically,*>™*° a much smaller
number of studies have investigated the corresponding beha-
viour of functionalised metal clusters.

From an experimental point of view, thermal stability of
thiolated gold clusters has been studied using several methods,
such as differential scanning calorimetry, thermogravimetric
analysis, EXAFS spectroscopy and transmission electron micro-
scopy, which enabled to determine and characterise the cluster
decomposition temperatures, the loss of ligands and the
changes in cluster size and structure.”>***! In the rare compu-
tational studies,*>** the thermodynamic stability and melting
of Au,5(SH);5 and Ausg(SR),, clusters have been investigated by
ab initio molecular dynamics (MD). The inherent high compu-
tational cost of the ab initio MD method has limited the
achievable temporal scales to several tens of picoseconds,
resulting in the use of very high heating rates (~40-50 K ps ™)
in the simulations.** However, the study of the thermal stability
and thermally-induced phase and structural transitions in nano-
systems requires the consideration of much longer time scales,
which can be achieved using the classical MD method.*

In this paper, we investigate the thermal stability and
melting of a monolayer-protected Au,sCys;g cluster using clas-
sical reactive MD simulations. The thermal stability of the
cluster is studied over a wide temperature range from 0 to
1000 K. It is found that the binding of the cysteine ligands to
the gold cluster stabilizes the latter against isomer transitions
and melting. As a result, the ligand-protected Au,sCys;g cluster
undergoes the melting phase transition in the temperature
range of ~580-760 K, which is ~400 K higher than the melting
temperature of a bare/unprotected Au,s cluster. The major
thermal response of the Au,sCys;g cluster structure is the
sequential desorption of the cysteine ligands, leading to rapid
melting of the gold cluster. The desorption of ligands begins
stochastically in the similar temperature range of ~580-760 K
and is not site-specific. The simulation results are validated
by comparison with the results of DFT calculations and
experimental data.

2. Computational methodology

The initial geometry of the Au,sCys;g cluster was determined
through the DFT calculations performed using Quantum
Espresso.**® The calculations were carried out using the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functio-
nal®® and scalar relativistic projector augmented-wave (PAW)
pseudopotentials with a non-linear core correction (NLCC).*”*®
The convergence threshold for self-consistency was set to 10~> Ry.
The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm was
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used for structural relaxations. The kinetic energy cutoffs for the
wavefunctions and for the charge density and potential were
47 Ry and 364 Ry, respectively. We assumed an isolated system
and employed the Martyna-Tuckerman correction to the total
energy and self-consistent function potential."> van der Waals
interactions were incorporated using Grimme’s semi-empirical
DFT-D3 correction.’® The coordinates for the Au,s cluster were
taken from ref. 15. The atomic coordinates for the r-cysteine
were taken from the PubChem database (PubChem CID: 5862).
After the initial relaxation of the bare Au,s cluster, 18 deproto-
nated cysteine molecules were attached to the outer-shell
Au atoms in a symmetrical pattern, and the system was
relaxed again.

Classical MD simulations have been performed using the
MBN Explorer software package®" for multiscale modelling of
the structure and dynamics of complex molecular and nano-
scale systems.>**> MBN Studio,”* a multitasking toolkit and a
dedicated graphical user interface for MBN Explorer, has been
used to prepare input files and analyse the simulation results.
The initial geometry of the cluster was taken from the opti-
mised structure obtained from the DFT calculations.

Interactions between all gold atoms have been described
using the many-body Gupta potential®* with the parameters
taken from ref. 55. To enable the detachment of ligands from
the metal core, Au-S bonds have been described using the
reactive CHARMM (rCHARMM) force field*® implemented in
MBN Explorer. All other interatomic interactions within the
ligands have been described using the standard (non-reactive)
CHARMM?27 force field for proteins.’” The interaction para-
meters are listed in the SI, see Tables S1-S3.

To properly account for the Au-S bonding in the form of
“staple’”” structures, two types of gold atoms corresponding to
the inner Au,; core and 12 surface atoms of the Au,s cluster
have been defined, as shown in Fig. 1. Atoms of the inner
icosahedron (shown in orange colour) form a covalent bond with
one sulphur atom each. 12 surface gold atoms (shown in green
colour) form covalent bonds with two sulphur atoms each.

The parameters of the bonded and non-bonded interactions
between gold atoms and sulphur atoms were taken from ref. 58.
These parameters were successfully used in the previous
studies®>® for the structural characterisation of gold nano-
particles functionalized with poly(ethylene glycol) ligands. The
molecular topology and CHARMM force field parameters for
cysteine were obtained using the SwissParam web-service.®'
Partial atomic charges in cysteine molecules were determined
by the natural bond orbital (NBO) analysis using the Gaussian
16 software package.®” The hydrogen atom was then removed
from the thiol group of each cysteine, and the cumulative
charge sitting on all the removed hydrogen atoms (+0.179]|e|
per atom according to the performed DFT calculations) was
redistributed equally among all the 25 gold atoms to maintain
electrical neutrality of the entire cluster. Since 18 hydrogen
atoms were removed in total, each gold atom has acquired a
partial charge of (+0.179]e| x 18/25) ~ +0.129]e|.

The optimised structure of the Au,sCys;g cluster was then
used as the starting geometry for MD simulations of the cluster
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(a)

(b)

(d)

Fig. 1 Visualisation of different groups of interatomic distances and Au-S covalent bonds used to characterise the structure of the metal core and the
Au-S “staples” in the Au,sCys;g cluster. (a) The (Au—Au); group of distances involving the central Au atom and 12 atoms located at the vertices of the
inner Auyz icosahedron; (b) the (Au—Au), group of distances between the nearest atoms of the Auyz icosahedron; (c) the (Au—Au)s group of distances
between two surface gold atoms in each Au-S “staple”; (d) the (Au-S); bonds between the sulphur atoms (shown in yellow) and gold atoms of the Aus
core; (e) the (Au-S), bonds between the sulphur atoms and the surface gold atoms of Auys; (f) optimised geometry of the entire Au,sCysig cluster

considered in this study.

dynamics in a wide range of temperatures from 0 K to 1000 K.
A series of successive simulations were performed to heat the
cluster in a stepwise manner in steps of 20 K. For each
temperature, the cluster dynamics was simulated for 4 ns using
a Langevin thermostat, a damping time of 1 ps, and an
integration time step of 1 fs. The total simulation time is thus
equal to 200 ns, which is two orders of magnitude longer than
the simulation times in previous ab initio MD simulations of
the heating and melting of thiolated gold clusters.*>*?

Similar complementary simulations were performed to
investigate the melting of a bare Au,s cluster. The initial cluster
structure was taken from the Cambridge Cluster Database®
and corresponds to the global energy minimum for Au,;, as
calculated using the Sutton-Chen interatomic potential.®* This
cluster structure was annealed to 300 K and optimised using
the Gupta potential to generate the initial geometry for the
present simulations. The bare Au,s cluster was heated from 0 to
1000 K in 20 K steps, with the same simulation parameters as
for the Au,sCys;s cluster. Additional benchmark simulations
were also performed (see SI, Fig. S2), where the heating of the
Au,s cluster in 20 K steps was simulated via a series of
consecutive 10 ns and 20 ns-long runs. Thus, the total simula-
tion time for heating from 0 to 1000 K was equal to 500 ns and
1000 ns, corresponding to heat rates of 2 Kns ' and 1 K ns™*,
respectively.

22056 | Phys. Chem. Chem. Phys., 2025, 27, 22054-22063

3. Results and discussion

3.1. Structural characterisation of the Au,5Cys;g cluster

Prior to analysing the thermal stability of Au,5Cys;g cluster, we
have validated the utilised parameters of the force fields and
interatomic potentials by characterising the optimised struc-
ture of the cluster.

The structure of the ligand-protected Au,s cluster is char-
acterised by six [-S-Au-S-Au-S-] ‘staples’ that surround an
icosahedral Au,; core.'™® To characterise the structure of
Au,;5Cysqg, several distinct groups of distances between gold
atoms and Au-S bond lengths were identified and quantita-
tively analysed, as shown in Fig. 1. The (Au-Au), group refers to
the distance between the central gold atom and 12 atoms of the
icosahedral Auy; core, see Fig. 1(a). The (Au-Au), group defines
the distances between two neighbouring atoms on the shell of
the icosahedral Au,s, see Fig. 1(b). The (Au-Au); group defines
the distances between the gold atoms in each Au-S ‘staple’, see
Fig. 1(c). The Au-S ‘staple’ structure is characterised by two
groups of Au-S bond lengths: the (Au-S); group includes the
bonds between sulphur atoms of the ligands and the gold
atoms of the Au,; icosahedron (Fig. 1(d)), while the (Au-S),
group includes the sulphur atoms bonded to the 12 outer gold
atoms (Fig. 1(e)).

The Au-Au interatomic distances and Au-S bond lengths
for the optimised geometry of Au,sCys;g, obtained using the

This journal is © the Owner Societies 2025
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Table1l Three groups of interatomic distances between gold atoms, (Au—
Au) 23 and two groups of Au—S bond lengths, (Au-S); 5, in the Au,sCysig
cluster. These groups are visualised in Fig. 1(a)-(e). The values (in A) are
averaged over the entire cluster and are given with the corresponding
standard errors

DFT
Classical This work Ref. 42 Exp."*
(Au-Au), 2.81 £ 0.01 2.83 £ 0.01 — 2.79 £ 0.01
(Au-Au), 2.96 +0.02 2.98+0.02 (2.82-3.03)  2.93 + 0.06
(Au-Au);  3.63+0.01  3.55+0.01 — —
(Au-S) 2.40 £ 0.01 2.39 £ 0.01 2.46 2.38 £ 0.01
(Au-S), 2384 0.01  2.33+0.01 236 2.32 % 0.01

classical interatomic potentials, are listed in Table 1 (see the
column labelled ‘“classical”). The calculated values are com-
pared with the corresponding values obtained from the DFT-
based geometry optimisations of Au,sCys;g (this work) and of a
structurally similar Au,s(SH);s~ cluster,*” as well as with the
results of experimental characterisation of another structurally
similar Au,s(SCH,CH,Ph)s cluster obtained by X-ray diffrac-
tion (XRD) methods.™

The interatomic Au-Au distances determined from classical
and DFT optimisation calculations are in close agreement
(within 0.05 A) with the experimental values. The slightly larger
distances obtained by DFT are to be expected, as the PBE
functional is known to overestimate bonding.®® The Au-S bond
lengths in the structures obtained from DFT and classical
optimisation calculations are also in agreement with each
other, with the experimental data'® and with the results of
previous DFT calculations*? to within ~0.08 A. The slight
difference in the (Au-Au); distances and the Au-S bond lengths
may be due to the different ligands considered in this and the
cited studies and to the different charge states of the cluster
(neutral cluster in this study vs. singly charged anion in ref. 14
and 42). To complete the characterisation of the cluster struc-
ture, we also evaluated the angle between three sulphur atoms
in each [-S-Au-S-Au-S-] ‘staple’. The resulting average value
of (116.3 £ 1.2)° is close to the value of 109.3° obtained by DFT
in ref. 42.

3.2. Dynamical response at elevated temperatures

In this study, the dynamics of the Au,5Cys;s cluster has been
studied over a wide temperature range from 0 to 1000 K. The
thermal stability of the cluster is characterised by calculating
the root-mean-square displacement (RMSD) averaged over all
gold atoms. The RMSD over a period ¢ is given by:

1)

where N is the number of considered atoms, r(¢) is the position
vector of atom i at time ¢ and 7/’ is the position vector of the
same atom in the reference structure.

Fig. 2(a) shows the RMSD averaged over all gold atoms in the
Au,5Cysqg cluster (solid blue symbols) and in the bare Au,s
cluster (open green symbols) as a function of temperature.
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Fig. 2 The temperature dependence of the root-mean square displace-
ment (a) and the Lindemann ratio (b) for gold atoms in the ligand-
protected Au,sCysig cluster and the bare Auys cluster. The results shown
in panel (a) were averaged over five independent MD simulations. Error
bars indicate the standard error of the mean.

Each data point represents the mean value at a given tempera-
ture, computed from five independent MD simulations, with
error bars indicating the standard error of the mean. For the
ligand-protected Au,5Cys;g cluster, the RMSD slowly increases
from ~0.1 A to 0.5 A at temperatures below ~560 K, indica-
ting the stability of the entire structure. As the temperature
increases from 0 K to 560 K, the increased amplitude of thermal
vibrations causes the cysteine ligands to reorient to different
conformational states but the inner Au,; core and the Au-S
‘staples’ do not undergo any major structural changes.

At temperatures of ~580-760 K, the RMSD for Au,sCysig
increases rapidly by an order of magnitude, indicating that the
ligand-protected cluster has undergone a phase transition.
Above 760 K, the averaged RMSD fluctuates around a value of
~5 A, suggesting that the gold cluster has melted and remains
in a liquid-like state. In contrast, the RMSD of a bare Au,s
cluster (green symbols) increases rapidly at significantly lower
temperatures. It begins to rise between ~100 and 200 K, and
then rises more quickly between ~200 and 300 K. Above 300 K,
the RMSD for the bare Au,s cluster stabilises at a value of ~5 A,
thus suggesting that the cluster has transformed into a liquid-
like state. The results of five independent simulations also
reveal the temperature range over which melting occurs for
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each cluster type. The RMSD values for the bare Au,s cluster
show minimal deviation from the mean RMSD. In contrast,
the cysteine-protected Au,;Cys;g cluster exhibits a broader
melting temperature range of ~580-760 K, as indicated by
the respective standard error bars.

To verify the melting temperature values obtained from the
analysis of RMSD, we also analysed the melting of ligand-
protected and bare Au,s clusters according to the Lindemann
criterion.®®®” This criterion states that a system undergoes a
melting phase transition when the ratio of the root-mean-
square displacement of atoms with respect to the average
equilibrium interatomic distance exceeds a certain threshold,
indicating a loss of long-range order. This threshold depends
on several factors such as crystal structure, bonding, and
system size, with typical values being in the range of ~0.10-
0.15.577%

Following the approach used in previous MD-based studies
of the melting of nanoscale systems,”””’? the melting of
Au,5Cys;g and Au,;s clusters was quantified via the Lindemann
ratio, 4:

_ FWHM

A
do

; (2)
where FWHM is the full width at half maximum of the first
peak in the radial distribution function (RDF) for gold atoms
and d, is the mean interatomic distance corresponding to the
maximum of the first RDF peak. Thus, the Lindemann ratio 4
provides a measure of the fluctuation of atomic positions
relative to the average interatomic distance for all gold atoms
at different temperatures. At each temperature considered,
the RDF was calculated by averaging the atomic positions over
a 4-ns MD trajectory. Fig. 2(b) shows the temperature depen-
dence of the Lindemann ratio for the Au,sCys;g and Au,s
clusters, obtained from one exemplar simulated MD trajectory.
The horizontal dashed line indicates the typical threshold value
of 4 = 0.1, above which the system melts according to the
Lindemann criterion.

It is worth noting that the question of evaluating the
Lindemann parameter for different bulk materials and finite-
size systems has been widely discussed in the literature for
several decades. A broad range of values for the Lindemann
parameter, from ~0.03 to 0.24, has been reported.”*’* At the
same time, a narrower range of values, from ~0.08 to 0.15, has
often been used to characterize the melting of metal clusters
and nanoparticles.®®’>”” Regarding finite-size gold systems,
several studies have reported values of the Lindemann index of
~0.08-0.10 corresponding to the onset of melting of the Ause,
and Aus;s clusters.”®”® A similar range of values (approximately
0.07-0.10) has also been reported in an MD simulation of the
melting of a larger-size gold nanoparticle containing 3538
atoms.®® Finally, ref. 81 explored the idea that the Lindemann
parameter could be linked to the periodic groups of the
periodic table, with an exact value for each element belonging
to a given periodic group. The study®" reported 12 distinctive
values of the Lindemann coefficient corresponding to 12 groups
of the periodic table containing solid elements with identifiable

22058 | Phys. Chem. Chem. Phys., 2025, 27, 22054-22063
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melting temperature. For group 11 (Cu, Ag, and Au), the reported
value of the Lindemann parameter is 0.108, close to the above-
mentioned values obtained from MD simulations for finite-size
gold nanosystems. Based on the above considerations, we have
concluded that a “universal” value of 4 = 0.10 would be suitable
for the analysis presented in this study. The aim of this analysis
is to complement and verify the evaluation of melting tempera-
tures obtained from the temperature dependence of RMSD (see
Fig. 2(a)). A more detailed quantitative analysis of the Linde-
mann criterion for the studied systems goes beyond the scope of
this study.

The temperatures at which the calculated Lindemann ratio
for each system exceeds the threshold value differ significantly,
~240 K for the bare Au,; cluster and ~ 660 K for the Au,5Cys;g
cluster. Comparison of these values with Fig. 2(a) shows good
agreement between the temperatures at which a sharp rise in
the RMSD of gold atoms occurs and the temperatures at which
the Lindemann ratio exceeds the chosen threshold value. This
supports the interpretation that the melting of the Au,s; and
Au,5Cysqg clusters occurs at the temperature ranges of ~200-
300 K and ~580-760 K, respectively.

The predicted melting temperature of Au,s is close to the
melting temperatures of slightly larger gold clusters (Auzo-
Ausg), as determined by MD simulations using the Gupta
potential.”® Reported values of melting temperature vary from
(260 + 50) K for Auzs to (330 £ 20) K for Aus, Further
discussion of the melting point of the Au,s cluster is provided
in the SI.

As shown in Fig. 2(b), the Lindemann ratio for the ligand-
protected Au,sCys;g cluster exhibits a more irregular depen-
dence on temperature as compared to the smooth, monotonic
dependence observed for the bare Au,; cluster. This irregularity
reflects the different dynamics of the ligand-protected cluster at
different temperatures. Between 0 K and ~220 K, the Linde-
mann ratio for Au,;Cys;g increases monotonically, suggesting
that the gold atoms in the cluster vibrate thermally around
their equilibrium positions. Above 220 K, the Lindemann ratio
decreases, indicating a structural rearrangement of the gold
cluster. This is further evidenced by changes in the RDFs, as
shown in Fig. 3. Two narrow peaks at interatomic distances of
~2.83 A and 2.99 A, which are present in the RDF at T =200 K,
merge into one broader peak centred at 2.87 A at T = 300 K,
indicating a structural rearrangement from the initial equili-
brium geometry. The Lindemann ratio decreases until the
temperature of ~340 K, above which it begins to increase
again. Between ~400 K and 660 K, the Lindemann ratio for
Au,5Cys, g exhibits a similar trend to that observed in the bare
Au,; cluster. The RDFs at temperatures between 300 K and
600 K do not vary significantly, and the cluster structure is
preserved.

In the selected MD simulation analysed in Fig. 2(b) and 3,
the thermal vibrations of the gold atoms in Au,;Cys;s become
more pronounced above 600 K. According to the simulations
performed, at 640 K, a sulphur atom in one of the Au-S ‘staples’
gains enough thermal energy to move to a different binding site
on the Au,; surface. This causes reorganisation of the entire
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Fig. 3 Radial distribution function (RDF) for gold atoms of the Au,sCysig
cluster at different temperatures.

Au-S “staple”. As the temperature increases to ~680 K, the
displaced ligand detaches from the gold cluster, accompanied
by a significant reorganisation of the Au atoms within the
cluster. The presence of an unprotected region on the cluster
surface, created when one cysteine ligand detaches, causes the
entire gold cluster to melt rapidly. A similar physical picture
was observed in four other simulations of Au,;Cys;s heating.
As shown in Fig. 2(a) and discussed above, the temperature at
which the gold cluster in Au,5Cys;g starts to melt varies across
the simulations performed, ranging from 580 to 760 K. The
results in Fig. 2(b) and 3 therefore provide a characteristic
quantitative analysis of the melting process.

3.3. Dynamics of thermally induced desorption of ligands

To gain a better understanding of the interplay between gold
cluster melting and the detachment of cysteine ligands, we
have analysed more closely the dynamics of the cluster in the
temperature range from 640 to 680 K. The chosen temperature
range corresponds to three subsequent 4 ns-long MD trajec-
tories, which were combined into one 12 ns trajectory. Fig. 4(a)
shows the evolution of the interatomic distances between the
sulphur atom of the first detached ligand and the two gold
atoms to which it is initially bonded: one atom in the Auj;
icosahedral core, d[(Au-S);], and one outer atom, d[(Au-S),].
The instant ¢ = 0 ns corresponds to the beginning of the
simulation at 640 K. Two vertical dashed lines indicate instants
when the system temperature is equal to 660 and 680 K.
Fig. 4(b) shows the RDFs for all gold atoms, averaged over
2 ns segments of the considered 12 ns combined trajectory.
Four labelled vertical lines highlight specific peaks and features
in the RDFs that evolve due to the desorption of cysteine
ligands from the gold cluster.

As can be seen in Fig. 4(a), the selected (Au-S), and (Au-S),
bond distances practically do not change during the first ~2 ns
of the considered trajectory segment, with values of (2.40 +
0.06) A. This is followed by a sharp increase of the d[(Au-S),]
distance to ~5.1 A, indicating the displacement of the cysteine
ligand from its original binding site. The d[(Au-S),] distance
remains unchanged during this displacement until the time
instant of ~10.7 ns, when the ligand gains sufficient energy to

This journal is © the Owner Societies 2025
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Fig. 4 (a) Evolution of interatomic distances between the sulphur atom of
the first detached cysteine ligand and two gold atoms to which this atom is
initially bonded: one in the Au;s icosahedral core, (Au-S);, and one outer
atom, (Au-S),. The considered 12 ns segment of the trajectory corre-
sponds to the temperature increase from 640 to 680 K. (b) RDFs for all
gold atoms in the Au,sCysg cluster averaged over 2 ns segments.

desorb from the cluster surface. This is indicated by a sharp
increase in both d[(Au-S),] and d[(Au-S),] distances.

The ligand displacement and subsequent detachment
events can be correlated with changes of the Lindemann ratio
and the RDFs, shown in Fig. 2(b) and 4(b). The calculated
Lindemann ratio for the gold atoms of the Au,sCys,;s cluster
exceeds the threshold value of 4 = 0.1 at ~640 K, after which
one cysteine ligand is displaced to a different binding site,
causing a restructuring of the gold atoms. This restructuring is
indicated by the broadening and merging of the RDF peaks
labelled by the dashed lines 1 and 2 (see the RDFs for the
segments 0-2 ns and 2-4 ns in Fig. 4(b)). Until the ligand
detachment (~10.7 ns), the RDF peaks labelled 2, 3 and 4
remain unchanged. Once the ligand has detached (see the RDF
for the ¢ = 10-12 ns segment), peak 3 broadens into peak 2,
while peak 4 also broadens and becomes less distinct compared
with the RDFs for other segments.

At temperatures above ~700 K, the remaining ligands begin
to sequentially detach from the Au,s cluster surface. This
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process is not site-specific and the ligands desorb from the gold
cluster randomly. The desorption of a larger number of ligands
causes further structural rearrangement of the gold cluster, as
seen by the variation of the Lindemann ratio in Fig. 2(b).
Interestingly, in the simulations performed, the Au,s cluster
did not lose integrity due to ligand desorption. This observation
is in contrast to the results of a previous experimental study of
the desorption of dodecathiol ligands from a Au(111) surface.®>
According to that study, dodecathiol ligands can weaken the
bonding between the surface Au atoms and the Au atoms in the
bulk region, causing surface Au atoms to detach together with
the ligands. In the present study, however, we saw no indication
of such behaviour. This can be explained by the twofold
difference in the binding energy between an outer gold atom
and other gold atoms in the Au,; cluster (~4.3 eV) and the
Au-S bond dissociation energy (~2.2 eV).

The results of this study can be discussed in connection to
the previous experimental studies of the thermal stability of
ligand protected gold clusters.”>***" It was found in these
studies that thermal decomposition of the ligand-protected
clusters, including Au,s(SR)is, occurs at temperatures of
~470-520 K, with some small variations due to cluster size
and its charge state. In the present simulations, the lowest
temperature at which the first ligand detachment was observed
is 580 K, which is reasonably close to the reported experimental
values. Another experimental study®® concluded that the
threshold temperatures for the thermal stability of ligand-
protected clusters may depend on the ligand type and can vary
up to 80 K for different ligands. On this basis, one can conclude
that the results of the present simulations agree reasonably well
with the experimental data. As demonstrated for the bare Au,s
cluster (see SI, Fig. S2), increasing the simulation time by a
factor of five does not change the melting temperature of the
cluster. Similar behaviour can also be expected for the
Au,;5Cys,g cluster.

4. Conclusion

In conclusion, we have studied the thermal stability and the
mechanism of melting of ligand-protected gold clusters using
classical reactive MD simulations. The Au,5Cys;g cluster con-
taining 18 cysteine amino acid ligands was considered as a case
study. It was shown that the binding of the cysteine ligands to
the gold cluster stabilizes the latter against isomer transitions
and melting. The melting temperature of the Au,sCys;g cluster
was found to be in the range of ~580-760 K, which is
approximately 400 K higher than that of a bare Au,s cluster.
We demonstrated that the loss of thermal stability of the
ligand-protected Au,sCys;g cluster occurs through an interplay
of the metal core melting and the cascade evaporation
of cysteine ligands on the nanosecond timescale. Ligand
desorption begins in the above indicated range of temperatures
and is not site-specific. Understanding the mechanisms of
ligand desorption from size-selected metal clusters is also
relevant for the optimisation of these systems as catalysts and
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for the development of next-generation catalytic materials.®®*
The parameters of the classical force field for describing the
cysteine ligands and their interaction with the gold core have
been validated by the comparison with the results of DFT
calculations and relevant experimental data.
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