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Abstract

Atomically precise ligand-protected nanoclusters (MPC) have emerged as an im-
portant class of molecules due to their unique structural features and diverse potential
applications, including nano-electronics, bio-imaging, as sensors and drug carriers. Un-
derstanding the atomistic details of their intermolecular interaction is of paramount
interest for designing, synthesizing, and system-specific applications. Crystal structures
of various MPCs provide details related to molecular packing and intermolecular in-
teractions. While these experiments reveal macroscopic, mostly static properties, they
are often limited by the spatial and temporal resolutions in delineating the microscopic
dynamical details. Here we apply molecular dynamics and enhanced sampling simu-
lations to study the aggregation of Augs(pMBA)is MPCs in the solution phase. The
MPCs interact via both hydrogen bonds and m-stacks between the aromatic ligands to
form stable dimers, oligomers, and periodic crystals. The free energy profiles obtained
from enhanced sampling simulations of dimerization reveal a pivotal role of the pro-
tonated states of the ligands as well as the solvation shell in mediating the molecular
aggregation process in solution. In the solid phase, the MPCs’ ligands have suppressed
conformational flexibility owing to many facile intermolecular hydrogen bonds and -
stacks. Our work provides unprecedented molecular-level details of the aggregation
process and conformational dynamics of MPCs ligands in the solution and crystalline

phases, which will help rational design of new MPCs with specific properties.



INTRODUCTION

Monolayer-protected metal nanoclusters (MPCs) consist of a metal core confined in a small
volume that is protected by several organic ligands.? In recent years, MPCs have gained
huge attention due to their high atomic precision and the direct relationship of their phys-
ical and chemical properties with their unique geometries.®* Atomically precise structures
of MPCs have led to numerous potential applications in the field of catalysis, biosensors,
chemical imaging, and energy conversion.®'*> Among the stable MPCs, Auys(SR)g is the
most extensively studied MPC both experimentally and theoretically. Due to the high sta-
bility, small size, and easy preparation methods Auss(SR)qs is referred to as the brightest
molecular star in the nanocluster field.'® Ever since its synthesis and characterization, its
physicochemical properties like catalysis, optical and magnetism have been explored in great
detail. '*19 Most of the Auys(SR)1g nanoclusters studied till date contain water-insoluble
ligands, whereas some water-soluble thiol-based ligands such as p-mercaptobenzoic acid?
(pPMBA), 11-mercaptoundecanoic acid?' (11-MUA), cysteine?? (Cys), captopril?*?** (Capt),
and glutathione?>?® (GSH) have also been used to synthesize MPCs. Due to the presence of
these ligands, the nanoclusters become water soluble, which has high biocompatibility, good
photostability, and low toxicity, hence, their use in cell labeling, phototherapy, and biosensing
is highly promising.?” Compared to conventional fluorescent materials water-dispersible nan-
oclusters show higher photostability and strong photoluminescence, hence, they are also ex-
cellent candidates for fluorescent image probing.?®2?% Water soluble MPCs can also be consid-
ered as potential candidates for carrying out catalysis in the aqueous medium.?” Some recent
reports have shown biological applications of water-dispersible MPCs including anticancer
activity,3° anti-Alzheimer’s drug,®' and as a delivery vehicle for an anticancer drug.3%33
Recently some insights into the aggregation of MPCs and their interaction with the biolog-
ical environment have been provided using experimental as well as computational methods at
atomistic and coarse-grained levels.?* 2 Vanzan et al., studied the dimerization of three dif-

ferent Augs-based nanoclusters functionalized with hydrophobic ligands in dichloromethane



solvent using metadynamics (MetaD)simulations.®® In another work, Shen et al., studied the
aggregation of a gold cluster containing Augy4 core at different pH using a coarse-grained
(CG) model.?” These studies provided valuable insights into the structural and functional
details of MPCs in multiscale resolution. However, a more detailed atomistic description
of the aggregation of MPCs and the dynamics of their ligands in the solution and solid
phases require further investigation. Furthermore, the role of solvent in modulating both
the aggregation and dissolution processes requires special attention.

In this work, we have focused on studying the molecular aggregation of highly water-
soluble MPCs, Augs(pMBA)g using atomistic molecular dynamics (MD) and enhanced
sampling (ES) simulations. In particular, at first, we studied the dimerization of two
Auys(pMBA)1g monomers in aqueous as well as methanol solutions. This was followed by
the study of the self-assembly of MPCs in both solvents. To understand the solubility of
MPC crystals, we have carried out long MD simulations of a small crystal immersed in water
and methanol solutions, respectively. Finally, a periodic crystal of Auss(pMBA);g has been
investigated to understand the lattice stability, molecular packing, and ligand dynamics in
the crystalline phase. The atomistic insights into the self-assembly process and the aggre-
gated structures from our study may help design MPCs with specific properties in a heuristic

approach.

RESULTS & DISCUSSION

Dimerization

The first step in the aggregation process is the formation of a dimer, and studying the dimer-
ization process can reveal valuable information related to the MPCs self-assembly mecha-
nism. Generally, the MPCs with pMBA ligands exist in various charged states - from fully
protonated to deprotonated states depending upon the pH of the solution. In a study by

Koivisto et al.,* it has been found that the pK, of pMBA ligands in the Auyg(pMBA)y



nanoclusters (pK, = 6.20) is ~2 units higher than the free pMBA (pK, = 4.13). So we
expect that some of the MPC ligands’ carboxylate groups will be deprotonated. Here we
followed a systematic approach and modelled MPCs with varying degrees of deprotonation
(MPCoq4 - 0% MPCasq - 25%, MPCs04 - 50%, MPCr54 - 75% and MPCygpq - 100%) of the
ligands. These systems approximately mimic different pH states of the system.37

Two Augs(pMBA);s (MPCs) molecules were placed approximately at a center of mass
(COM) distance of 5 nm in a cubic box and simulated in explicit water. After ~20 ns of
simulation time, a dimer was formed with the COM-COM distance of ~1.3-1.4 nm. The
dimer remained intact for the rest of the simulation (500 ns). For comparison, another in-
dependent simulation was also performed in methanol (discussed in SI section S1.1). The
reorganization of MPCs ligands is one of the crucial factors responsible for the aggregation
process. From the literature, it is known that MPC ligands in their monomeric state form
intra-cluster m-stacks and organize themselves in a group of 2-3 ligands.** During the forma-
tion of dimers, trimers, or multimers, the MPCs ligands reorient themselves to facilitate the
aggregation process. To understand ligand dynamics at the molecular level, we focused on
one MPC of the dimer and carried out angle distribution analysis based on the configura-
tions collected from 100 ns unbiased simulation trajectory. The angle (#) between molecular
vectors of different ligands of MPC was chosen for the analysis (Fig 1b). After careful ob-
servation, we selected a few representative ligands L1-L7, (highlighted in green color in Fig
la) that showed the significant deviation in the angle during the transition from monomeric
to the dimeric state. Figure 1c shows the evolution of four selected angles between L1-L2,
L2-L4, L5-L6, and L1-L7. The dimerization accompanies both positive and negative devia-
tions in these angles. Interestingly, ligands reorganization was found to take place after the
initial encounter of the monomers forming a loosely bound dimer, the dimerization began
at ~20 ns but the ligand reorganization took place after ~35 ns of simulation. During the
reorganization event, the ligands that are present near the dimer interface, direct outwards

(carboxylic acid head group) to increase the hydrophobic contact between the MPC ligands



via m-stack formation. This phenomenon has been named as the ‘snorkeling effect’ (Fig 1a)
in the context of ligand-coated nanoparticles self-assembly. >4 A movie showing the snorke-
ling effect in our case can be found in ESI section xx. During the reorganization process, the

ligands exchange their m-stacking partners with each other as shown in Figure 1a.
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Figure 1: Ligand-ligand angle analysis of unbiased 100 ns trajectory of dimerization. a)
Ligand orientation reordering during dimerization showing ” snorkeling effect”; b) Depiction
of angle taken into account for this analysis, and c¢) Plot of selected angles between various
ligands with respect to simulation time.

Equilibrium MD simulations provided limited short-timescale atomistic details of the
dimerization process. Hence to efficiently sample the dimerization processes and unveil the
energetics for the dimer formation, we carried out on-the-fly probability-based enhanced
sampling (OPES) simulations.” OPES, a recent evolution of the popular MetaD method,

is an enhanced sampling method in which the bias potential (V(s)) is constructed by pe-



riodically depositing repulsive Gaussians that, in turn, modify the equilibrium probability
distribution using a reweighing method.*” The bias potential, V(s) is defined as a function of
one or a set of collective variables (CVas) that are a function of atomic coordinates. These
CVs are chosen in such a way that they can distinguish a system’s metastable states, and
when biased, help the system transit between these states. A rational choice of a CV for a
dimerization process would be the COM distance between the two MPC clusters. Hence, we
carried out our first set of OPESE?® (its explore variant) simulations with a CV, s; defined as
the distance between the COMs of metal cluster Au atoms (ligands being highly flexible are
not the best choices to define COM) of the two MPCs. Although we anticipated s; to be a
good CV for the dimerization process, the OPES simulation did not sample the dimeric and
monomeric states efficiently. Soon we realized that the desolvation of coordinated solvents
around the MPC clusters can also accompany the dimerization of MPCs, and we introduced
a second CV, s, which is defined as the number of coordinated solvent molecules around an
MPC.

Using these s; and sy CVs, an OPESg simulation of MPCs (fully protonated) dimer-
ization in water was performed for 2 pus. The plot s; vs simulation time (t) shows many
back-and-forth transitions between the monomeric and dimeric states (Fig. 2a) indicating
an efficient exploration of the two metastable states. In the simulation trajectory, we observe
the formation of various dimeric states among which three dimeric states shown in Fig. 2b-d
were found to be quite stable. These dimeric states differ on the basis of inter-cluster dis-
tances, number of H-bonds, number of m-stacks, and the pattern of H-bonds and m-stacking
interactions. Dimer_1 shows a special zipping pattern of m-stacks connecting two MPCs
from three inter-cluster m-stacks, each further extending wia intra-cluster m-stacking (Fig.
2b). Dimer_1 shows the lowest COM-COM distance of ~1.3 nm whereas, more frequently
observed Dimer_2 (Fig. 2d) has a distance of ~1.5 nm. Dimer_2 is characterized by two
extended inter-cluster m-stacking series along with two inter-cluster H-bonds. An interest-

ing symmetrical interaction pattern of multiple m-stacks and H-bonds between the MPCs
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Figure 2: (a) s; vs OPESg simulation time plot showing transitions between various dimeric
and monomeric states, (b) Dimer_1 with average COM distance of 1.35 nm showing three
inter-cluster m-stacking, (c¢) Dimer_3 with average COM distance of 2.0 nm showing extended
inter-cluster m-stacking with two cross H-bonds, (d) Dimer_2 with average COM distance
of 1.50 nm showing two extended inter-cluster m-stacking with two cross H-bonds, e) inter-
cluster m-stacking in (b) showing only inter-facial ligands, (f) Free energy surface as a function
of s1 vs s, (g) inter-cluster m-stacking and H-bonds in (d) showing only inter-facial ligands
forming a symmetrical shape. Color code: cyan: MPC1 ligands and yellow: MPC2 ligands.

ligands has been observed in this dimer (Fig. 2g). Another intermediate Dimer_3, relatively
short-lived dimer, has been identified at a COM-COM distance of ~2 nm showing only one

extended inter-cluster m-stack and two H-bonds.

The free energy profile was obtained by reweighting the deposited bias, and the free



energy of dimerization for the fully protonated MPCs is ~40-50 kJ/mol (Fig. 2f).

So far we have discussed the case of fully protonated MPCs (MPCy,). Now, we switch
our attention to the systems with varying deprotonated states. For each of the MPCysq,
MPCspq, MPCr54, and MPCyggq systems, we carried out 2 us OPESg simulation. The free
energy as a function of the distance CV (s;) is calculated by reweighting the deposited
bias. The free energy profiles for all four systems are shown in Figure 3a. We observe a
systematic evolution of the free energy profiles as a function of the degree of deprotonation
of the MPC ligands. The dimer basin is much deeper (~60-70 kJ/mol) in the case of MPCas4
and MPCsoq compared to the fully protonated MPCy,; and deprotonated MPCgoq systems.
In MPCyg, protonated ligands form multiple numbers of H-bonds, however, the propensity
of the H-bonds formation is more in the case of MPCg5, and MPCgy, systems due to the
presence of a few -COO™ groups that can form strong H-bonds. With further increase in
deprotonated ligands (>80%), the MPCs repel each other making the dimer less stable.
This also correlates with the fact that more carboxylate anions exposed to water can get
stabilized by solvent coordination making fully deprotonated MPCs more soluble in water.
Our observation corroborates well with the experimental finding in ref. 43 which showed
increased solubility of Augs(pMBA);g in water with more number of deprotonated pMBA
ligands in MPCs.

Aggregation and dissolution

Self-assembly: To further understand the aggregation of Auys(pMBA);s MPCs in the solu-
tion phase, we carried out equilibrium MD simulations of ten randomly dispersed monomers
of a partly deprotonated (MPCsys,) MPCs in water. For comparison, we additionally per-
formed a similar simulation in the methanol solvent. In both solvents, we observe the
formation of self-assembled clusters, but the nature and size of these clusters are different
in water and methanol. In the case of water, a big stable cluster was formed within ~50 ns

of simulation time, while in the case of methanol, initially a few small clusters were formed,
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Figure 3: (a) Free energy profile as a function of COM-COM distance CV (s;) of MPCs for
various deprotonated states, (b) plot showing the variation of free energy of dimerization
with respect to the fraction of deprotonation, c¢) dimeric states of MPC with varying degree
of deprotonation.

that the later stage, beyond ~400 ns, coalesce to form a large cluster. This outcome is not
surprising, and it is related to the higher solubility of MPCs in methanol than in water,*3

which is further discussed in the subsequent section.
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Figure 4: a) Initial setup for studying the self-assembly of MPCas, - 10 monomers dispersed
randomly in water /methanol, b) Evolution of average coordination number of MPCs through
500 ns of simulation time, c) final form of the cluster formed in water after 500 ns of the
simulation, d) final form of the cluster formed in methanol after 500 ns of the simulation.

Dissolution: MPCs containing pMBA ligands are soluble in water and alcoholic solvents.*3
In particular, MPCs are more soluble in methanol than water, and the solubility increases
as the fraction of deprotonation increases.?3 For a qualitative analysis of the solubility of
the fully protonated MPCs, a small crystal containing 13 MPCs, selected from the face-
centered-cubic (FCC) periodic crystal of Augs(pMBA);g, was placed in both water as well
as methanol, and the two systems were simulated in an NPT ensemble for 1 ps. Within
a few hundreds of nanoseconds, the MPCs started to deviate from their respective lattice
positions in the crystal. The overall crystal distortion was more in methanol where two MPC
molecules were detached from the cluster in ~200 ns simulation time. Whereas in water, we
did not observe any dissolution till 1 us of simulation time except for slight distortion of the

crystal. (Fig. S3) In the previous section, we observe that the dimer basin in the case of

11



water (Fig. 2) is much deeper than in methanol (SI section S1.2), which also explains that
the aggregated state is more stable, and thereby, the crystal dissolution is less favorable in

water than in methanol.

Periodic lattice

Recently, Yao et al. have synthesized Auys(pMBA) g supercrystals in two polymorphic forms
viz., face-centered cubic (FCC) and hexagonal closed packing (HCP).% In the presence
of an excess of tetraethylammonium cations, the Auys(pMBA);g crystalizes in HCP form
instead of the FCC lattice. MD simulations helped them decipher the interactions of the
tetraethylammonium cations with the pMBA ligands of the metal clusters.

In our work, we continue enriching our understanding of the ligands dynamics in the FCC
crystal. Towards this goal, we simulated an FCC crystal of Auys(pMBA )3 and analyzed
various non-covalent interactions responsible for the crystal stability. As the single crystal
structure for Auys(pMBA )5 is not available, we took the inspiration from Yao’s work and
built a 2x2x2 FCC periodic supercell lattice to study the crystal stability and ligands
dynamics in the solid phase. An equilibrium simulation of this periodic crystal in the NPT
ensemble was carried out at a temperature of 300 K and pressure of 1 bar for 100 ns. To check
the stability of the crystal, its lattice volume is plotted as a function of the simulation time
(Fig S4a). The lattice volume converged quickly and fluctuates around the mean value of
121 nm?. From this mean box volume, the unit cell parameter was calculated to be 2.48 nm.
The average COM-COM distance between two MPCs is ~1.75 nm which is an intermediate
value between Dimer_2 and Dimer_3 COM distances discussed previously.

In 2016, Hakkinen’s group studied the conformational dynamics of pMBA ligands of
Auygo(pMBA) 44 using NMR, DET, and MD simulations, and observed a diverse set of the
orientational ordering of the MPC ligands in the solution phase.*! Their study was focused
on the dynamics of ligands in fully solvated MPCs (dilute solution), which provided details of

fluctuations in ligand’s orientation. However, in the solid phase, the ligands have restricted
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Figure 5: Periodic crystal lattice: a) 2x2x2 FCC supercell after 100 ns of simulation, b)
another view of crystal a regular arrangement of MPC clusters in the crystal, ¢) Various
hydrogen bond network and w-stack interactions helping in stabilizing the crystal, d) Graph-
ical representation of vectors, distances, and angles used in the case of H-bonding (black,
vector from H-bond donor atom to hydrogen; magenta dashed line, the distance between
H-bond donor and acceptor atoms, e) Types of m-stacking observed in the MPC crystal, f)
m-m stacking (black, molecule vector; blue, normal to the benzene ring plane of one molecule;
magenta dashed line, the distance between molecule centers).

motions and take part in intermolecular interactions with neighbouring MPC ligands. In-
terestingly, in the periodic lattice, the ligands exhibit directional ordering; in one direction,
more ligands participate in the intermolecular interactions, and orthogonal to it, less number
of ligands interact (see Fig. S5). To further understand the kind of intermolecular interaction
involved in the crystal lattice, we performed H-bond distribution analysis and a systematic
m-stack analysis. H-bonds were defined using the cutoff of 0.3 nm for the distance between

donor and acceptor atoms and cutoff of 30° for the angle between hydrogen-donor-acceptor
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(as shown in the Fig. 5d). The H-bond distribution analysis showed that an average of ~250
H-bonds per frame were formed, which corresponds to ~8 H-bonds per Augs(pMBA);g clus-
ter unit (Fig. S4b). The H-bonds formed were of various kinds involving multiple ligands (a
few of them are illustrated in Figure 5¢). For the m-stack analysis, a cutoff of 0.5 nm for the
COM-COM distance between benzene rings of two ligands was used. Angle between the nor-
mal vectors of benzene ring plane was used to differentiate between the face-to-face (<30°),
intermediate (<50°) and T-shaped (>50°) m-stacks (see Fig. 5f and table 1). Further, the
m-stack analysis showed that the propensity of face-to-face m-stacking is more than the T-
shaped 7-stacks (see Table 1). Along with this, multiple extended 7-stacking containing

upto five w-stacks were also observed (Fig. S6).

Table 1: Summary of m-stack analysis of a periodic crystal.

Type of Distance Angle cutoff 6 Number of Number of
m-stacks cutoff (nm) in rad (deg) intra-MPC inter-MPC
m-stacks m-stacks
face-to-face 0.5 < /6 (30) 102 43
Intermediate 0.5 < 51 /18 (50) 35 19
T-shaped 0.5 > 5m/18 (50) 33 16

CONCLUSIONS

In this work, we studied the aggregation of Augs(pMBA);g in water and methanol solvents.
We observed that the degree of protonation of the MPCs’ ligands largely influences the
aggregation propensity. Specifically, the Augs(pMBA)g dimers with 25-75 % protonated
ligands show higher stability than the fully protonated or the deprotonated systems. The
ligands protonated states, MPCs with mixed charged ligands, and the right selection of

solution pH that can control the aggregation behaviour and provide self-assembled states.
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Furthermore, the stability of the dimeric state is more in water than in methanol. This can
also be correlated with the higher solubility of Augs(pMBA);g crystal in methanol compared
to that in water. One can explore the solvent-dependent aggregation behavior to design new
MPCs and grow new crystals. We also identified that the intermolecular hydrogen bonds and
m-stacks chiefly control the aggregation behavior. Therefore, the properties of the MPCs’
ligands, including their capability of forming hydrogen bonds and m-stacks, hydrophobic
and electrostatic interactions could also be taken into consideration for future MPCs design.
The pertinent atomistic and dynamical insights obtained from our work can guide rational
designing of new MPCs with specific properties, and thus, this work contributes towards

expanding the scope of this emerging research area.

COMPUTATIONAL METHODS

System setup

The monomer and dimer of Augs(pMBA )5 was simulated in a cubic box of volume 7.5 nm?
filled with water and methanol solvents. A periodic crystal unit cell of MPC was created in
FCC crystal system using GROMACS?® software and a 2x2x2 supercell was generated by

replicating the unit cell.

Force field details

Avogadro®! software was used to create the initial structure of a para-mercaptobenzoic acid
(pMBA) ligand, and the NanoModeler server®%° was used to create the full MPC structure

and topology with varying degrees of deprotonation. It employs the bonded and non-bonded

L 54 L 55

characteristics of the gold-sulfur motifs produced by Pohjolainen et al.”* and Heinz et a

(Table ST). Whereas for ligands and methanol, the General AMBER Force Field (GAFF)%°

was used. For water, we have used the TIP3P potential model.
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Simulation details

Systems were first minimized using the steepest descent algorithm and thermally equili-
brated at temperature 300 K in the canonical (NVT) ensemble. Subsequently, a short NPT
simulation of each system was carried out to equilibrate the simulation box. In both NVT
and NPT simulations, we have used the stochastic velocity rescaling thermostat. Berendsen
barostat was used to equilibrate the sytem’s volume and maitain the pressure at 1 bar.®”
In the production NPT simulations, we replaced the Berendsen barostat by the isotropic
Parrinello-Rahman barostat to control the pressure.?® A cut-off of 1.0 nm is used for both
the van der Waals and short-range Coulombic interactions. The long-range electrostatic in-
teractions were calculated using the Particle Mesh Ewald (PME) method with a grid spacing
of 0.16 and order of 4. The production NPT simulation of each system was run for 500 ns,
and a time step of 2 fs was used. In the production simulations, all covalent bonds contain-
ing hydrogen atom were constrained using the LINCS algorithm.?® GROMACS®® version
2021.4.6 was used for all simulations. The VMD® software was used for the visualization of
simulation trajectories and the preparation of figures. The GROMACS tools were used to
perform the H-bond analysis, while the PLUMED%! version 2.8.0 was used to perform the
ligand reordering and coordination number analyses. The w-stack calculations and all the

analyses graphs were generated using a few in-house Python codes.

OPESg simulation details

The dimerization simulations of MPCs were performed using the OPESg method imple-
mented in PLUMED 2.8.0.%% The OPESy simulations were performed using two CVs - s;
(CV1): the COM-COM distance between the Au atoms of both MPCs and s, (CV2): the
average solvent coordination within 1 nm distance cutoff of COM of MPC. In all the OPESg
simulations, a barrier height (energy regulator) of 100 kJ/mol and adaptive sigma values
were used. All OPESg simulations were carried out for ~2 us to have multiple barrier re-

crossing events and calculate the converged free energy profiles. The free energy profiles of
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dimerization were calculated using a reweighing algorithm.*”
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