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Dynamics of weak interactions in the ligand layer
of meta-mercaptobenzoic acid protected gold
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Atomically precise metal nanoclusters, stabilized and functionalized by organic ligands, are emerging
nanomaterials with potential applications in plasmonics, nano-electronics, bio-imaging, nanocatalysis,
and as therapeutic agents or drug carriers in nanomedicine. The ligand layer has an important role in
modifying the physico-chemical properties of the clusters and in defining the interactions between the
clusters and the environment. While this role is well recognized from a great deal of experimental studies,
there is very little theoretical information on dynamical processes within the layer itself. Here, we have
performed extensive molecular dynamics simulations, with forces calculated from the density functional
theory, to investigate thermal stability and dynamics of the ligand layer of the meta-mercaptobenzoic acid
(m-MBA) protected Augg and Auis4 nanoclusters, which are the first two gold nanoclusters structurally
solved to atomic precision by electron microscopy [Azubel et al., Science, 2014, 345, 909 and ACS Nano,
2017, 11, 11866]. We visualize and analyze dynamics of three distinct non-covalent interactions, viz.,
ligand-ligand hydrogen bonding, metal-ligand O=C-OH?---Au interaction, and metal-ligand Ph(z)---Au
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interaction. We discuss their relevance for defining, at the same time, the dynamic stability and reactivity
of the cluster. These interactions promote the possibility of ligand addition reactions for bio-functionali-
zation or allow the protected cluster to act as a catalyst where active sites are dynamically accessible
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Monolayer protected clusters (MPCs) are atomically precise
metal nanoparticles with well-defined mass and chemical
composition. They have a hybrid structure consisting of a
tightly packed core of diameter roughly 1-3 nm (from ten to
few hundred metal atoms) that is stabilized by a covalently
bound molecular layer consisting of ligand molecules. MPCs
have an advantageous, stable, well-defined molecular structure
and size compared to larger, colloidal metal nanoparticles, in
which variations in diameter are typically of the order of 10%
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and neither the metal-ligand interface, nor the structure of
the ligand surface are known in the molecular scale. Up to
now, well over 100 different MPCs have been synthesized and
characterized to molecular precision.”” Many studies have
confirmed their unique structural, optical, magnetic, and cata-
Iytic properties. These nanomaterials are expected to have
applications in catalysis, sensing, plasmonics, bioimaging and
nanomedicine, where the knowledge of the atom-precise struc-
ture of the MPCs gives a unique advantage to understand
structure-property relationships and tune the structure for a
desired function - an ultimate dream for researchers working
with any nanomaterial.

A vast majority of the fundamental studies of the physico-
chemical properties of MPCs have dealt with gold nanoclusters
stabilized by organic thiols." In general, it is now well-recog-
nized that the ligand layer plays a very important role not only
in the synthesis, forming the protective layer stopping the
growth of the nucleating metal core, but also modifying the
physico-chemical properties of the gold core and the whole
MPC.? First and foremost, the organic surface makes the MPC
either hydrophilic or hydrophobic, defining the solubility of
the MPC in its environment. Second, the ligand layer may
affect crucially the electronic and optical properties of the
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metal core via charge-transfer and/or imposing chirality.
Third, the ligand layer controls the accessibility of foreign
molecules to metal sites at the metal-ligand interface, which
has impact on the potential catalytic activity of the MPC or its
affinity to bind bio-active molecules, sensing moieties or
drugs, to name a few. It is thus clear that understanding of the
interactions also within the ligand layer becomes crucial for
controlling the MPCs’ properties for various applications.

Water-soluble gold nanoparticles are widely studied for
potential biological and medical applications, and popular
ligands include glutathione, cysteine, and various aromatic or
aliphatic carboxylic acids.’™ Achieving atomic precision in the
structural determination of water-soluble MPCs has proven to
be challenging. Up to now, only two successful total-structure
determinations from single crystal X-ray experiments have
been reported: those of the para-mercaptobenzoic acid
(p-MBA) stabilized Auyo, and Auyue clusters,” in contrast to
over 100 X-ray structures of hydrophobic MPCs. Furthermore,
three distinct ambient stable sizes of meta-mercaptobenzoic
acid (m-MBA) stabilized gold clusters were reported by Azubel
and Kornberg.® By using low-dose electron microscopy (EM)
techniques and 3D image reconstruction, Azubel and collabor-
ators were able to determine the 3D atomic structure of the
gold core for two of those clusters, namely Augg ° and Auy,4."°

p-MBA and m-MBA ligands differ from each other only by
the location of the carboxylic COOH group (carbon 4 or 3 posi-
tion in the phenyl ring, respectively). Despite this minute
difference in the ligand structure, they seem to induce rather
different characteristics for the gold cluster. Clusters stabilized
by p-MBA are functionalized for applications mainly by thio-
late-to-thiolate ligand exchange or by using the COOH group
to bind functional molecules on the ligand surface. Clusters
functionalized by this strategy have been used, e.g., for
imaging enteroviruses by EM'""'* and for building small co-
valently linked cluster assemblies (“clusters of clusters”)."?
Large disc-like and hollow capsid superstructures (hundreds of
nm in size) of p-MBA stabilized clusters have been observed as
well, as a result of spontaneous self-assembly in solution
driven by weak interactions between the clusters’ organic
surfaces.'*

In contrast, m-MBA-stabilized gold clusters have been
shown to be reactive towards biomolecules, such as thiol-modi-
fied DNA and proteins with an exposed cysteine group, via irre-
versible ligand addition reactions,® and this propensity has
been used successfully in designing cluster-marker hybrids for
tracking proteins in live cells."> This observation raised an
intriguing question on how can the ligand layer keep the
cluster size stable and at the same time enable irreversible
chemical reactions between the cluster and foreign molecules?
Our previous work'® using molecular dynamics modeling and
density functional theory (DFT) calculations with compu-
tational models for Augg (m-MBA)s, and Auy,, (m-MBA)g_53
clusters suggested that, in addition to an expected n—n ligand
stacking possible for both m-MBA and p-MBA ligand layers,
there are three other possible non-covalent interactions in the
ligand layer, brought by the chemical structure of the m-MBA
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ligand, that are not expected in the p-MBA protected clusters.
The location of the COOH group in position 3 of the phenyl
ring allows for (i) COOH---COOH hydrogen bonding between
two neighbouring ligands as well as (ii) hydrogen-bond-like
O=C-OH---Au interaction at the ligand-gold interface.
Furthermore, we found (iii) =---Au interactions when the
ligand was lying “flat” on the gold core. We suggested that
these interactions are crucial for dynamical stability, keeping
the size of the metal core unchanged but allowing for irrevers-
ible ligand additions to gold sites protected by the O=C-
OH---Au or 7-Au interactions. IR data on m-MBA stabilized
Augg and Auy,, clusters confirmed the O=—C-OH---Au inter-
action by revealing an additional C=O stretch frequency at
about 1730 cm™ not present in the reference cluster Auyq,
(p-MBA),,. This frequency corresponded to a prediction from
DFT calculations.'® Later, a combination of experimental and
computational work by Maran and collaborators suggested
that hydrogen-gold interactions may be present also in gold
clusters stabilized by short alkylthiolates."”

In this work we have employed massively parallel molecular
dynamics simulations, with the interatomic forces calculated
from DFT, to study the dynamics of the weak interactions in
Augg (m-MBA);, and Auy,, (m-MBA),, at elevated temperatures.
We show that the average atomic structure of the gold core
corresponds well to the 3D reconstruction from the EM
data.”' The ligands exhibit a wide range of dynamical behav-
ior as characterised by their root-mean-square deviation
(RMSD) values. Strengths of the O—=C-OH---Au and =---Au
interactions in Augg (m-MBA)s, are estimated as 0.5 eV and 0.8
eV, respectively, and activation barriers for breaking those
interactions and exposing gold atoms are of the order of 1 eV.
Dynamical breaking of these interactions is observed in the
molecular dynamics (at 300 K) extended up to 20 ps time
scale. These results lay out a theoretical foundation to under-
stand the dynamics of the ligand layer in m-MBA protected
gold clusters which is crucial for further engineering of such

materials for applications in biological imaging and
nanomedicine.
1. Results

The structures of the Augg (m-MBA)3;, and Auyy, (m-MBA)4
clusters were determined experimentally with atomic precision
using transmission electron microscopy (TEM) and confirmed
by density functional theory (DFT) calculations.”'®'® In the
earlier studies, DFT calculations on the 68-atom cluster were
performed using a model system [Augg (SH)3,], while those for
the 144-atom cluster were performed considering the true
ligands, but with the Au atoms fixed to the experimental posi-
tions. The experiments gave information only on the positions
of the Au atoms in the cluster, and the coordinates for the
ligand layer were generated using an in-house algorithm.'®"®
The algorithm assigns positions for S atoms close to the Au
atoms based on the knowledge of Au-S interfaces from a data-
base of known experimental and computational model struc-
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tures, using criteria such as nearest neighbor Au-S distances,
Au-S coordination, and S-Au-S and Au-Au-S bond angles. The
PhCOOH moieties were then added to the structure after the S
positions were determined satisfactorily.

In this DFT study, we consider the two cluster systems with
true ligands (m-MBA) and with all atoms free to move in order
to optimize the structure. We present our results in four sec-
tions where we analyze the (i) optimized structure with respect
to the experimental data, (ii) effects of temperature on fluxion-
ality and stability of the cluster, (iii) weak but unique inter-
actions in the m-MBA-protected cluster, and (iv) effects of
temperature on these weak interactions.

1.1. Analyzing the structures of Augg (m-MBA);, and Au,,,
(m-MBA),,

The two clusters, Augg and Au,44 have almost symmetrically
arranged cores with truncated face-centered cubic (FCC) like
packing as can be seen in Fig. 1(a) and (b). The Augg cluster
consists of an Au atom at the center inside a 12 atom-cubocta-
hedron, surrounded by 24 atoms extending along the FCC-like
framework with the rest of the 31 atoms deviating from the
FCC packing. Similarly, the atoms in the Auy,, cluster also
conform to FCC packing in the core of the cluster while deviat-
ing from FCC packing on the surface. Interestingly, both these
clusters were found to have C; symmetry which is caused by
the random arrangement of surface Au atoms. The atoms in
Fig. 1(a) and (b) show the experimental structure, while the
blue arrows show the deviation of each atom brought about by
the DFT optimization. Though the figure shows only Au
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Fig. 1 The structures of (a) Augg and (b) Auys4 cores (without ligands)
from ref. 9 and 10, respectively. The Au atoms are shown in golden
color, the blue arrows indicate the deviation of the DFT-optimized
structure with respect to the experimental structure. The tip of the
arrows shows the position of the atom after optimization. Pair-corre-
lation function g(r) of Au—Au pairs in the experimental (red) and opti-
mized structures (blue) for the (c) 68- and (d) 144-atom clusters,
respectively.
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atoms, note that the DFT calculations were performed on the
clusters with the m-MBA ligands. As can be seen, the atoms in
the outer shell of the clusters deviate more from the experi-
mental structure than those in the cluster core.

We also calculate the root-mean-square deviation (RMSD)
to measure the difference between the experimental and opti-
mized structures. When we consider only the Au atoms,
excluding the m-MBA ligands, the RMSD values were calcu-
lated to be 1.24 A and 0.80 A for the Augg and Au,4, clusters,
respectively. Previously as reported in ref. 9, we had optimized
a simplified model for the cluster, viz., Augg (SH);,. In that
case, the RMSD for the Au atoms with respect to the experi-
mental structure was calculated to be 0.72 A.

In Fig. 1(c) and (d), we compare the pair-correlation func-
tion, g(r), of Au-Au interactions in the experimental (shown in
red) and optimized structures (shown in blue) of Augg and
Au, 4, respectively. The pair-correlation function gives infor-
mation about the probability of finding atoms at a distance
from any given atom, or in other words, the distribution of
atoms in the cluster. A sharp and intense peak is observed at
Au-Au distance r ~ 2.9 A in all cases that indicate the nearest
neighbor Au-Au bond length and confirms the excellent
match between the experimental and our computational
results in both systems. The pair-correlation peak positions for
Au-Au pairs in bulk FCC Au are shown in dotted lines for com-
parison. At higher values of r, we see a tendency for a more
uniform distribution which is in line with the understanding
that only the cluster core has FCC-like packing. These results
validate the stability of the experimentally determined struc-
tures for the two clusters.

1.2. Effects of temperature on the structure

Starting from the optimized structures of Augg (m-MBA);, and
Auyy, (m-MBA),,, we then performed ab initio molecular
dynamics simulations. For the 68-atom cluster, we studied
target temperatures of 300 K and 500 K, for a simulation time
of around 20 ps and 15 ps, respectively and for the 144-atom
cluster, we show our results at 300 K for a simulation time of
10 ps. The temperature increases from 0 K to the target temp-
erature in the first ~4 ps of the simulation.

The average root-mean-square deviations (RMSD) of the Au
atoms in the clusters after thermal equilibration, with respect
to the optimized structure were calculated to be 1.13 A and
1.48 A for Augg at 300 K and 500 K, respectively, and 1.65 A for
Auq,4 at 300 K. This can be attributed to thermal effects due to
the increase in temperature from 0 K to the respective target
temperature. If all atoms in the clusters (Au and the ligands)
were considered, the average RMSD with respect to the opti-
mized structure were calculated to be 3.33 A and 3.37 A for
Augg at 300 K and 500 K, respectively, and 2.90 A for Au,,, at
300 K.

In Fig. 2(a), we plot time evolution of the RMSD of the Au
atoms in the two clusters, at different temperatures for a time
window of 4 ps, averaged over several time origins. In Fig. 2(b),
we show the similar data, but now considering all atoms in the
cluster. On comparing the data for the 68-atom cluster at
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Fig. 2 Time-averaged root-mean-square deviation (RMSD) of Augg
(m-MBA)z> and Auiag (M-MBA)4o clusters as a function of simulation
time after temperature equilibration, evaluated for (a) the gold core and
(b) all atoms of the cluster. The pair-correlation function, g(r), of (c) Au—
Au and (d) Au-S pairs, in the two clusters, the 68-atom cluster at 300 K
and 500 K and 144-atom cluster at 300 K.

300 K (maroon) and 500 K (orange), we see higher values of
RMSD for 500 K, which is as expected from thermal effects. As
we compare the two sizes of clusters, viz., 68-atom cluster
(maroon) and 144-atom cluster (turquoise), both at 300 K, we
see an increase in the RMSD values of the Au atoms in the 144
cluster, which suggests that there are higher number of Au
atoms that do not conform to FCC packing and are more
mobile than atoms in the 68 cluster. However, upon consider-
ing all atoms, Au as well as the ligands, the two clusters
behave approximately the same at 300 K.
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We show the calculated pair correlation function, g(r) after
equilibration of temperature, of Au-Au and Au-S interactions
in the cluster, in Fig. 2(c) and (d), respectively. For both pairs
of interaction, we see sharp peaks at Au-Au distance r ~ 2.9 A
and Au-S distance r ~ 2.4 A, indicating the first nearest neigh-
bor distances of Au-Au and Au-S bonds, respectively. The peak
corresponding to Au-Au bonds is broadened in width when
compared to the peak observed in Fig. 1(b), which can be
attributed to temperature effects. At higher values of r, the
function seems to approach a continuous shape which
suggests an amorphous nature in the cluster. These results
suggest that both clusters with all Au-Au and Au-S bonds are
structurally stable at room temperature. Earlier studies on
differential scanning calorimetry of gold thiolate clusters have
demonstrated the thermal stability of neutral clusters such as
Au,;5 (SR);5 up to temperatures of ~494 K."® Our results of the
68-atom cluster at 500 K suggest that they are thermally stable
however, we also keep in mind that the simulated timescale
~15 ps may be very short to observe any large deviation or
breaking of Au-S bonds.

Now, we move on to examine the dynamics of the individual
ligands in the clusters. In Fig. 3, we show the time-averaged
RMSD of each of the 32 ligands in the Augg (m-MBA)3, cluster
at 300 K for a time window of 4 ps. We see that each ligand
has unique dynamics, some ligands being more mobile than
others. A similar graph showing the time-averaged RMSD
values of the 40 ligands in Auy44 (m-MBA),, at 300 K is shown
in the ESI (Fig. S17). In Fig. 4(a) and (b), we plot the maximum
value of RMSD of each ligand in the 68 and 144 clusters,
respectively, observed in our simulations at 300 K, in ascend-
ing order. We also show snapshots of the clusters at 300 K, in
different orientations. In the ESI,} we repeat Fig. 4 in Fig. S27
with zoomed-in images of the clusters Augg (m-MBA)3;, and
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Fig. 3
ture equilibration, as a function of simulation time evaluated at 300 K.
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(a)—(h) Show the time-averaged root-mean-square deviation (RMSD) of every individual ligand in the Augg (m-MBA)s, cluster, after tempera-
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Fig. 4 The maximum values of time-averaged RMSD of each ligand in
the (a) 68-atom cluster and (b) 144-atom cluster, are plotted in ascend-
ing order. The snapshots from three different orientations of the Augg
(m-MBA)z, and Auias (M-MBA)40 clusters at 15 ps and 8 ps, respectively
are also shown. The numbering of the ligands is the same as in Fig. 3.
Au, S, C, O, and carboxylic H atoms are shown in golden, pale yellow,
brown, red, and green colors, respectively.

Auyyy (M-MBA),, in different orientations and each of their
ligands labelled in Fig. S3 and S4,f respectively. Additional
multimedia files (mpg) showing the molecular dynamics simu-
lations of the systems considered here are also provided. These
help to understand and assess the different degrees of mobility
and orientation dynamics of every ligand in the cluster. We
note here the large difference in ligand mobility within the
given cluster: in Augg, the most mobile ligand is about three
times more mobile than the least mobile one, and in Au,,,4 the
corresponding ratio is about 4 : 1. This result is similar to what
we have seen previously while performing molecular dynamics
simulations of the Au,, (p-MBA),, cluster in water, using clas-
sical force fields.>°

1.3. Unique interactions in a m-MBA-protected cluster

We have previously described,'® using a combination of experi-
mental and computational methods, that the presence of the
m-MBA ligands leads to very different properties in Augg
(m-MBA)3, from those in other thiolate-protected gold nano-
clusters of similar size. The position of the acid group (C3 or
meta position) in the aromatic ring creates a range of possi-
bility for weak interactions that are absent in p-MBA protected
clusters or organo-soluble thiolate-protected clusters. These
weak interactions include H-bonds between ligands within the
ligand layer as well as two new unexpected interactions at the
ligand-Au interface: (i) H-bond-like COOH---Au interactions
formed when the carboxylic H atom is directed toward the
gold core and (ii) n---Au interactions formed when the aro-
matic ring lies flat on the gold core. Earlier,'® we had per-
formed molecular dynamics simulations using classical force

This journal is © The Royal Society of Chemistry 2020
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fields to describe thiol-gold interactions. Based on these simu-
lations, we had reported the presence of close COOH-:--Au
interactions with distances in the range of 2.3 to 2.7 A and
n---Au interactions with distances between the phenyl ring
center and an Au atom, less than 2.8 A.

In this section, we describe how we have used DFT and
climbing-image nudged elastic band method*' to investigate
in detail the stability and energy barriers involved in the break-
ing of the weak ligand---Au interactions in an Augg (m-MBA);,
cluster. In the optimized structure, we find two cases of
COOH---Au interactions, where the carboxylic hydrogen is
pointed towards the Au core with d(H-Au), the distance
between H and Au atoms, 3.67 A and 3.68 A. These correspond
to ligands #7 and #1, respectively in Fig. 3 and 4(a). In
Fig. 5(a), we show an zoomed-in image of the optimized struc-
ture of the cluster and highlight a single ligand that forms the
weak COOH:--Au bond [d(H-Au) = 3.67 A]. We calculated the
energy of the structure (keeping all atoms fixed except the
ligand and interacting Au atoms) considering the same ligand
with its carboxylic hydrogen pointed away from the Au core
[d(H-Au) = 5.16 A], as shown in Fig. 5(b). We define the energy
difference between these two structures as the H---Au inter-
action energy and it was calculated to be 0.46 eV, which is the
cost to break this interaction. The energy pathway to go from
the structure in Fig. 5(a) and (b) is shown in Fig. 5(c); the
barrier to break the H---Au interaction was calculated to be
0.93 eV. At the transition state, the value of d(H-Au) was found
to be 4.08 A.

We also find two =---Au interactions with distances between
the center of the phenyl ring and the closest Au atom, d(n-Au)
= 3.01 A (ligand #14) and d(z-Au) = 3.06 A (ligand #22). In

Breaking the H---Au interaction
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Fig. 5 (a) The optimized structure of Augg (m-MBA)s, highlighting a
COOH---Au interaction. (b) The ligand in (a) is modified such that the
carboxylic H is pointed away from the Au core breaking the interaction.
(d) The optimized structure of Aueg (m-MBA)s, highlighting a =n---Au
interaction, (e) the structure with the ligand in (d) modified such that it
stands upright breaking the interaction. (c) and (f) show the energy
profiles as obtained from CI-NEB calculations for the minimum energy
pathway from structure (a) to (b), and (d) to (e), respectively. Au, S, C, O,
phenyl H and carboxylic H are shown in golden, pale yellow, brown, red,
white and green colors, respectively. All the ligands were included in the
calculation but the other ligands are not shown for clarity.
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Fig. 5(d), we show the cluster highlighting the ligand with d(n—
Au) = 3.01 A, where the phenyl ring is facing and protecting an
Au atom on the surface. In Fig. 5(e), we show the structure
with the same ligand standing in an upright position with d(n-
Au) = 4.89 A. As in the case of the broken H---Au interaction,
this structure was calculated keeping all atoms except the
involved ligand and neighboring Au atoms fixed. The energy
difference between the two structures was calculated to be 0.80
eV, which we estimate is the energy lost upon breaking the
n---Au interaction. The energy profile for the minimum-energy
pathway from the structure in Fig. 5(d) and (e) is shown in
Fig. 5(f) and the barrier was calculated to be 1.10 eV. At the
transition state, the distance between the center of the phenyl
ring and the Au atom was found to be 3.97 A. The angle made
by the C atom in the para-position of the phenyl ring, S and Au
atom changes from 51.8° in the initial state, to 81.5° in the
transition state, to 118.3° in the final state.

The binding energy of an AuH molecule with covalent
bonding has a value of around 3 eV.”> Weak interactions
between H and Au atoms, similar to that observed in m-MBA
clusters, have also been observed and reported for several gold
complexes.”® The H---Au weak H-bond-like interactions were
first observed between neutral triangular gold clusters and for-
mamide or formic acid, where the estimated the H---Au
binding energies were found to be around 0.16 eV for Au---H-
N and 0.22 eV for Au---H-O interactions.>* The binding energy
for the H-bond observed in [Au---H,O], on the other hand,
was calculated to be 0.45 eV.>® These values are in the range of
hydrogen bond strengths which is generally between 0.05 eV-
0.50 eV in molecules containing N-H, O-H or F-H bonds.

1.4. Effects of temperature on the weak interactions

To understand the dynamics of the weak interactions that are
present in m-MBA-protected clusters, we examine in detail the
case of the Augg (m-MBA);, cluster at 300 K. We consider an
interaction between (i) carboxylic H and O atoms of different
ligands, (ii) carboxylic H and Au, and (iii) phenyl n-ring and
Au, to be a weak bond if d(H-O), d(H-Au) or d(n-Au) is less
than 4 A. Here, d(X-Y) is the distance between atoms X and Y
and d(n-Au) is the distance between the center of a phenyl ring
and an Au atom.

1.4.1. Inter-ligand COOH:--COOH hydrogen bonding. In
Fig. 6, we examine two examples of dynamic interactions
between ligands in the ligand shell at 300 K, where hydrogen
bonds are continuously formed and broken. We show snap-
shots of the cluster at 0 ps and 15 ps and how the distances
between a particular carboxylic hydrogen atom and oxygen
atoms in neighboring ligands change with time. Fig. 6(a) high-
lights the interaction of one ligand’s (ligand #30) carboxylic
hydrogen (green) with oxygen atoms (blue, grey, turquoise and
violet) in neighboring ligands. At 0 ps, the green H atom may
be weakly linked to blue and grey O atoms in the same ligand,
as time progresses, it breaks these bonds and forms new
H-bonds with O atoms (grey and turquoise) in two different
ligands, and finally at 15 ps, it seems to form one H-bond with
the turquoise O atom in one ligand. In the second example in
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Fig. 6(b), the green carboxylic hydrogen in ligand #16 forms
H-bonds with two magenta and maroon colored O atoms at
0 ps and moves away from these interactions at 15 ps. This
analysis helps to give us a clear visual understanding of how
dynamic these ligands are and how easily they form and break
these weak interactions between them.

1.4.2. Hydrogen-bond-like O=—C-OH-:-Au interaction at
the ligand-gold interface. Fig. 7 displays two examples of the
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Fig. 6 Two examples highlighting the dynamics of hydrogen bonds
formed by COOH-.-COOH interactions. In (a) and (b), we show how car-
boxylic hydrogen atoms of ligands #30 and #16, respectively, interact
with oxygen atoms in neighboring ligands. The color scheme for the
atoms is the same as in Fig. 5. In (a), the carboxylic hydrogen (green)
binds to O atoms colored blue, grey, turquoise and violet. In (b), the car-
boxylic hydrogen binds to O atoms colored violet, magenta, maroon
and pale green.
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Fig. 7 Two examples highlighting the dynamics of weak COOH-:-Au
interactions. In (a), we show how the carboxylic hydrogen of ligand #7
binds to different Au and S atoms on the cluster surface as a function of
time, while in (b), we show another case, where the carboxylic hydrogen
of ligand #1 that initially binds to an Au and S on the surface moves
away and forms H-bonds with O atoms in a neighboring ligand. The
color scheme for the atoms is the same as in Fig. 5. In (a), the carboxylic
hydrogen binds to Au atoms colored lavender and purple, and S atoms
colored pale blue and blue. In (b), the carboxylic hydrogen binds to Au, S
and O atoms colored purple, pale blue, turquoise and magenta,
respectively.
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hydrogen-bond-like H:--Au interactions, and how they change
as a function of simulation time. In the first panel Fig. 7(a)
shows the interaction of the carboxylic hydrogen atom (green)
in the highlighted ligand (ligand #7) with two Au and two S
atoms on the cluster surface at ¢ = 0 ps and 15 ps and how the
distances between the H and Au/S atoms vary as a function of
time. At ¢ = 0 ps, the carboxylic hydrogen atom binds to an Au
atom (lavender) and a S atom (pale blue). At ¢ = 15 ps, the car-
boxylic hydrogen is still pointed towards the Au core, but has
now changed its interactive neighbors. It now binds to another
Au (purple) and S atom (blue).

In the second panel Fig. 7(b), we present the interaction
between the carboxylic hydrogen in the highlighted ligand
(ligand #1) with an Au, S and two O atoms in a neighboring
ligand. At ¢ = 0 ps, the H binds to an Au (purple) and S (pale
blue) atom on the surface of the cluster. At ¢ = 15 ps, we find
that during the course of the molecular dynamics simulations,
the H turns away from the Au core and makes hydrogen-bonds
with O atoms (turquoise and magenta) in the carboxylic group
of the neighboring ligand. The distances between the H atom
and the Au/S/O atoms as a function of time are plotted and
shown in Fig. 7(b). This is also interesting as we see that there
may be a competition for favored interactions.

1.4.3. m---Au interactions at the ligand-gold interface.
Similarly, in Fig. 8, we show the dynamics of two ligands that
form weak m---Au interactions. At ¢ = 0 ps, the ligands are
aligned such that their phenyl rings lie above an Au atom on
the cluster. However, at ¢ = 15 ps, the ligands move away
thereby leaving the Au atom unprotected. In panel (a), the
ligand (ligand #14) binds to an Au atom that is colored laven-
der, while in panel (b), it (ligand #22) binds to an Au atom that
is colored blue. We also show in both panels the distance
between the center of the phenyl ring and the Au atom plotted
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Fig. 8 Two examples highlighting the dynamics of ligands that form
weak 7---Au interactions. The ligand that is initially lying flat on the
cluster, protecting an Au atom at t = 0 ps, moves away from the atom at
t = 10 ps. The distance between the center of the phenyl ring and the
protected Au atom is plotted as a function of time. The color scheme
for the atoms is the same as in Fig. 5. In (a), the ligand (#14) binds to an
Au atom highlighted in lavender color, while in (b) the ligand (#22) binds
to an Au atom in blue color.
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as a function of the simulation time. This we believe may turn
out to be the interaction with most potential to be exploited to
facilitate a catalytic nature in these clusters. A low-coordinated
Au atom that was protected by the z---Au interaction could be
available as an active site for a catalytic reaction as the ligand
moves away from the surface of the cluster.

2. Discussion

The current hypothesis is that atomically precise MPCs may be
highly beneficial for catalysis, for several reasons.”® First, they
have unique geometric and electronic structure. Second, there
is an abundance of low-coordination atomic sites on the
surface of the clusters. Third, they have quantized energy
levels which makes activation of reactant molecules
viable."?”*® Fourth, one can control their solubility in water by
tuning the nature of the ligand thereby promoting green chem-
istry or enable use in biological applications.*® Fifth, they are
highly dynamic and flexible under reaction conditions that
facilitates the exploration of novel catalytic routes. Finally, it is
also possible to have control and structurally characterize
them down to atomic level which allows for rational design of
better catalysts. However, thorough investigations of their cata-
Iytic behavior are still in very early stages.

Computational studies have contributed to the understand-
ing of MPC and their catalytic behavior. However, there are
intrinsic challenges to studying such metal-ligand inter-
faces.’® Most DFT studies on reaction mechanisms on MPCs
have been carried out on ligand-decorated metal surface
models due to the computational limitations in studying large
number of atoms. Models with classical force fields would sig-
nificantly speed up simulations, but the variety of bonds
within the MPCs make fitting of parameters demanding and
reliable modeling of chemistry (making and breaking bonds)
with classical force fields is still largely an unsolved challenge.
There also exists a lack of experimental knowledge of the struc-
ture and dynamics at the interface which makes first-prin-
ciples calculations on these systems still rare,’* but also
highly attractive.

Several studies show Au MPCs to be effective for a variety of
important reactions such as CO oxidation,** aerobic oxidation
of alcohols,®® a-hydroxylation of benzylic ketones,”
N-formylation of amines,*® oxidation of organoboron com-
pounds,*® intramolecular addition of toluene sulfonamide®®
and intramolecular addition of primary amines," with experi-
mental evidence and proposed reaction mechanisms
suggesting that these clusters perform as catalysts without the
removal of ligands.>® There are also detailed studies carried
out to show the effects of chain length of thiolate ligands on
the accessibility, catalytic activity and selectivity of MPC cata-
lysts.” Recently, we have proposed, tested and confirmed the
reaction mechanism involved in the hydrogenation of ketones
to alcohols, using a combination of experiments and DFT cal-
culations, catalysed by an atomically precise thiolate protected
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copper-hydride cluster.”” The reaction is shown to proceed
without the removal of any ligands.

Some authors have also noted that these clusters may not
necessarily be the actual catalyst, but instead the precatalysts,
as these clusters often decompose or deform during chemical
reactions. The removal of the ligands have also been shown to
be important for several catalytic reactions.*® However, the
thermal treatment for the removal of surface ligands is found
to be an aggressive method that sometimes lead to sintering of
the Au nanoclusters even at low loading concentration.**™*>

These examples suggest that there exists different views on
how the ligand affects the catalytic behavior of the MPC,
however in all of them, the exact role of the ligands during a
reaction remain vague. In addition to catalysis, MPCs can be
used in sensing applications due to their luminescence pro-
perties® and in transistors, switches or electrometers due to
their electrical and optical properties.*® MPCs formed by the
conjugation of oligonucleotides with Au nanoclusters can also
be used in biosensors, disease diagnosis and gene
expression.?”*® It is certain that a quantitative and/or qualitat-
ive understanding of the behavior of ligands around a cluster
will be of fundamental importance in the future research of
MPCs in any of these applications. In this direction, we believe
that the present study offers significant insight into compre-
hending, down to the atomic level, the dynamics and active
role of ligands in an MPC.

The m-MBA protected Au clusters have already been shown
to exhibit a higher reactivity towards thiol-modified DNA and
proteins (with an exposed cysteine group) than other similar-
sized thiolate protected Au clusters, which is attributed to the
presence of the unique non-covalent metal-ligand interactions
discussed in detail in this manuscript. It is evident that these
highly mobile ligands are crucial in stabilizing and keeping
the size of the cluster constant, while also allowing for ligand-
additions or more interestingly perhaps reactants to adsorb at
gold sites protected by the O—C-OH---Au or =---Au inter-
actions. Our analysis of the barriers to break and dynamics of
each of these interactions suggest that under the reaction con-
ditions, it is possible to conclude that the ligands may leave
Au sites on the cluster unprotected making them ideal for
catalysis.

3. Conclusions

In this study, we have focused on m-MBA-protected Au, clus-
ters, that have been shown to be unique with a new range of
interactions present at the Au-ligand interface that are absent
in p-MBA- or other thiolate-protected Au clusters. These clus-
ters present, in addition to the strong Au-S covalent bonding
that links the ligands to the Au cluster, three unique inter-
actions, viz., (i) inter-ligand H-bonding, (ii) H-bond-like H---Au
bonding, and (iii) n---Au bonding. We have shown that these
clusters are very stable at temperatures of 300 K up to 500 K.
Each ligand is found to be unique in its orientation, and mobi-
lity around the ligand shell.
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We have also described the dynamic interactions in the
ligand shell and the ligand-Au interface by showing explicit
examples of how they are continuously formed and broken at
300 K. We believe that these are important steps forward in the
understanding of what exactly happens at a metal-ligand inter-
face. We find the H---Au and =---Au interactions of particular
consequence for applications such as catalysis. Interestingly,
these ligands are highly mobile at room temperature, and the
energy required to break these interactions were calculated to
be 0.93 eV and 1.10 eV, respectively. These results in addition
to the examples showing the dynamic nature of these ligands,
help us to understand how easily these low-coordinated Au
atoms on the surface, can be protected and/or made available
as active sites for reactions.

4. Computational methods

We have performed density functional theory calculations as
implemented in the GPAW package which uses the projector-
augmented wave method.” We have used a real-space grid
with grid spacing of 0.2 A. The electron—electron interactions
were treated within the generalized gradient approximation
using the PBE (Perdew-Burke-Ernzerhof) functional.”®

The coordinates of the Au atoms in the Augg and Auq, clus-
ters were obtained from experimental transmission electron
microscopy (TEM) data,”'® and were used as initial coordi-
nates for DFT optimization. The initial structures for the
ligand layers in both clusters were created using an in-house
algorithm described previously.'® To construct the initial coor-
dinates for the ligand S atoms, we rely on our knowledge of
the bonding environment of gold-thiolate interfaces from
known structures. The organic part of the ligand is then added
to the selected Au-S interface positions in random order with
preference to using the natural bonding direction (in which
the ligand makes an angle ~90° with respect to the nearest
neighbor Au-S bonds). In cases of possible overlapping
ligands, the orientation pointing directly away from the center
of mass of the cluster were used. The final model structures
were initialized using classical force field simulations by first
turning on gradually the interactions between ligands to get
rid of remaining overlaps and then finally optimizing the
overall ligand layer arrangement. The final optimized structure
from these classical MD simulations were used as initial geo-
metries for the DFT calculations described in this work.

The clusters were simulated in a non-periodic cubic cell
large enough to include ~6 A vacuum in all six directions
around the clusters. All atoms were allowed to be free during
structural optimization, until forces on the atoms were below
0.05 eV A™", Fermi-Dirac smearing of width 0.05 eV was used
for the occupation numbers to hasten convergence. The root-
mean-square deviation measurements were done using the
RMSD Tool plugin in the Visual Molecular Dynamics (VMD)
software.”"

AD initio molecular dynamics simulations were performed
using Langevin dynamics with target temperatures of 300 K

This journal is © The Royal Society of Chemistry 2020
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and 500 K. In both cases, a friction parameter of 0.01 fs~*, and
time step of 2 fs were used. To enable the 2 fs time step with
acceptable numerical accuracy, we increased the masses of all
hydrogen atoms to that of deuterium atoms.>

The barriers to break the H---Au and =---Au interactions
were computed using the climbing-image nudged elastic band
method.”’ When performing these calculations, only the
atoms in the involved ligand and the Au atoms that interact
with the ligand were allowed to be free. The obtained tran-
sition states were validated upon analyzing their vibrational
frequencies.

The results presented in this paper were obtained from
massively parallel calculations (performed on MareNostrum in
the Barcelona Supercomputing Center). Two examples illus-
trate the needed computer resources: the molecular dynamics
simulation for Augg (m-MBA);, at 300 K was performed on 960
cores for approximately 1300 hours and the NEB calculation to
determine the dissociation barrier for the H:--Au interaction
was performed on 2400 cores for approximately 250 hours.
This is explained by the large size of the system both in terms
of the real-space grid and number of occupied valence electron
states: 2380 electrons for Aueg (m-MBA);, and 3624 valence
electrons for Auy,, (m-MBA) 4.
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