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Role of Ligand-Ligand vs. Core-Core Interactions in
Gold Nanoclusters’

Karolina Z. Milowska,** and Jacek K. Stolarczyk,*

The controlled assembly of ligand-coated gold nanoclusters (NCs) into larger structures paves
the way for new applications ranging from electronics to nanomedicine. Here, we demonstrate
through rigorous density functional theory (DFT) calculations employing novel functionals ac-
counting for van der Waals forces that the ligand - ligand interactions determine whether stable
assemblies can be formed. The study of NCs with different core sizes, symmetry forms, ligand
lengths, mutual crystal orientations, and in the presence of a solvent suggests that core-to-core
van der Waals interactions play a lesser role in the assembly. The dominant interactions originate
from combination of steric effects, augmented by ligand bundling on NC facets, and related to
them changes in electronic properties induced by neighbouring NCs. We also show that, in con-
trast to standard colloidal theory approach, DFT correctly reproduces the surprising experimental
trends in the strength of the inter-particle interaction observed when varying the length of the
ligands. The results underpin the importance of understanding NC interactions in designing gold

NCs for a specific function.

1 Introduction

Gold nanoclusters (AuNCs) of sizes up to few nanometers exhibit
distinctive properties unseen in their larger counterparts or in the
bulk.1~3 For instance, they do not support plasmon resonance,
but undergo electronic transitions with non-zero band gap.3 Due
to unique quantum confinement effects and geometric constraints
their optical, electronic and catalytic properties are strongly de-
pendent on the number of constituent atoms and as well as on the
type, number and length of the coordinating ligands. The ability
to precisely tune the properties by varying the synthetic approach
holds promise for applications in light harvesting®, light emit-
ting®, electronic devices®, and catalysis”-8.

Assembly of thiol-protected AuNCs into 2D and 3D1%1! ar-
rays and supraparticles opens a pathway to attain additional func-
tionalities which stem from the collective features of the ordered
nanocrystals 2. The applicability of a specific structure, e.g. as
a sensor®, relies on the arrangement of the AuNCs and on the
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interparticle distances within the structure. These parameters de-
termine the light absorption, interparticle charge transfer!3 and
other relevant properties. In this context, it is clear that under-
standing of the interactions governing the self-assembly of the
nanocrystals is prerequisite for controlling the assembly process
itself as well as the emergent properties of the resulting 3D super-
structure 1415, Despite significant progress in the field in recent
years, it is still subject to much debate as to which interaction
plays a dominant role in the assembly.

The interactions of the alkanethiol ligands with the correspond-
ing ligands of the neighboring particle 117 or, if present, with
the solvent molecules!® are often considered to govern the as-
sembly. The interdigitation of the soft ligand chains is considered
as an important factor determining the separation of the parti-
cles!°. For small non-spherical AuNCs the interdigitation is found
to be sensitive to the distribution of the ligands on the nanocrystal
facets. Interestingly, the effect of the faceting on the separation
and particle arrangement can be pronounced even for long-chain
ligands19. Nonetheless, the tendency of the AuNCs to form an
ordered structure decreases with the increase of the length of the
ligand20. On the other hand, experiments supported by simula-
tions 1821 suggests that, especially for larger NCs, van der Waals
attraction of the cores and their geometry should significantly af-
fect the nucleation of a superstructure and help determine the
eventual arrangement of the NCs2223 Jeaving the original ques-
tion unresolved.

Two approaches have been predominantly used to calculate the
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nanoparticle interactions, depending on the scale of the investi-
gated objects. The framework of colloidal stability theory (CST),
developed initially for particles with sizes exceeding 100nm 242>,
was successfully applied to much smaller nanoparticles, even less
than 10nm in diameter 1526-28  The theory assumes contributions
to the interaction potential from van der Waals, steric, electro-
static, and magnetic forces, where the latter two are not needed
for thiolated AuNCs. The evaluation of these interactions is fairly
straightforward for spherical nanoparticles and other simple ge-
ometries 1>29, However, for the ultra-small nanoparticles, where
the range of interactions is comparable to the local radius of cur-
vature and the faceted nature of the nanocrystal surface starts
to manifest itself, the assumptions made in the development of
the theory no longer hold. Therefore for particles smaller than
about 5nm, the accuracy of such calculations is expected to be
significantly worse3C. On the other hand, density functional the-
ory (DFT) calculations made it possible to accurately determine
the structure and predict properties of NCs23-31, However, due
to computational constraints, it is only practically applicable to
particles of diameter less than 2 nm. In this context, the mid-
dle ground between the colloidal and the molecular (ab initio)
applicability regimes, which is occupied by few-nanometer-sized
nanocrystals, does not appear to be effectively described by ei-
ther of the two approaches. Clearly, more theoretical studies are
needed to understand the interactions and assembly of such par-
ticles.

Accordingly, in this paper, we have applied both approaches,
DFT and CST, to calculate the interaction potentials between
AuNCs of several different sizes up to Auj44 and protected with
alkanethiol ligands of different length (-S(C,Hy, 1), n=1,..,8).
As the properties of the AuNCs vary significantly with their size
and shape, we have firstly used DFT to rigorously determine the
structure of nine thiolated NCs (Au;;, Auyz, Aujg, Aujg, Ausg,
Auss, Augg, Auygy and Aujg4). To this end, we have employed two
novel exchange-correlation functionals accounting for the van der
Waals force. Subsequently, we have compared the theoretical in-
teraction potentials with the available experimental data in order
to evaluate the driving force of the self-assembly of AuNCs. We
have found the dominant role of the ligand-ligand interactions,
which originate from combination of steric interactions of AuNCs
caused by non-uniform distribution of the ligands on the surface
and related to them changes in electronic properties induced by
vicinity of a second NC. These aspects of the AuNCs interactions
are poorly reproduced by the colloidal calculations.

2 Methodology

2.1 Ab initio approach

The calculations have been carried out in the framework of
the spin polarized DFT3233 realized in the SIESTA numerical
package343>.  Generalized gradient approximation (GGA) of
the exchange-correlation functional in Perdew-Burke-Ernzerhof
(PBE) 3¢ parametrization has been applied to all systems. For
the smallest considered system, Auy, also local density approxi-
mation (LDA) of the exchange-correlation functional in Ceperley-
Alder (CA)37 parametrization and non-local van der Waals func-
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tionals (VDW) 3839 have been used. Valence electrons have been
represented with double zeta numerical basis sets of orbitals lo-
calized on atoms including polarization functions. The influence
of core electrons has been accounted within the pseudopoten-
tial formalism. Norm-conserving Troullier-Martins nonlocal pseu-
dopotentials#? have been cast into the Kleinman-Bylander sepa-
rable form.4! The kinetic cut-off for real-space integrals has been
set to 350 Ry (450 Ry for VDW). The Brillouin zone has been
sampled in the 1x1x1 Monkhorst and Pack scheme.2 In other
words, only the I' point of the supercell was used in all calcula-
tions. During all calculations, the self-consistent field (SCF) cycle
has been iterated until the total energy changed by less than 10>
eV/atom. The density matrix convergence criterion has been set
to 1073, The maximum force tolerance equaled 0.01 eV/A.

To obtain structure of all studied types of AuNCs the calcu-
lations have been performed within the supercell scheme. The
AuNCs have been separated by a distance large enough to elim-
inate any interaction and their structure has been optimized to
get vanishingly small forces on atoms (i.e. the size of the super-
cell for Ausg protected by -SCH3 ligands was: 35x35x35 A3). We
have used the binding energy per atom as the measure of the sta-
bility of the studied systems. Since synthesis of thiol-derivated
gold nanoparticles is done by simultaneous attachment of ligands
to the core with growth of core*3#*  the usage of binding en-
ergy instead of adsorption energy (heat of formation) seems to
be more appropriate. Hence, the binding energy per atom has
been calculated according to the formula:

1 Ng
Ebind/Nﬂ, = Nitx (Esystem - Z Eatom,a) s €8]
a=1

where Ny, is the number of atoms in the system, and Egom,o is the
total atomic energy of the free atom of type o (C, S, Au or H).

Our DFT calculations are based on the ground state total energy
calculations, which do not include vibrational dynamical contri-
bution to the free energy. Therefore, in order to optimize the ge-
ometries of all systems, we have performed very rigorous search
through the configurational space. This procedure guarantees ob-
taining the energetically most favourable configurations. Com-
paring morphology and stability of all structures we always refer
to systems characterized by equilibrium geometry.

In next step the interaction potentials have been calculated.
Therefore, inside supercell two chosen NCs have been placed and
the distance between them has been changed to obtain curve. The
relative energy of interations as a function of distance r between
AuNCs can be described as:

E, = EZAuNC(r) -2 'EA”NC(°°) +Ecorr,

total total

AuNC+ghos
Ecorr = Elul:al I 03’(},) - Eﬁ)?(%c (oo)+ @)
ghost+AuNC AuNC
+Etoral (r) - Etol;al (00)7

where E2AUNC(r) and EAUNC(c0) are the total energies of the two
AuNCs at distance r and an isolated NC. E,,, is basis set superpo-
sition error correction (BSSE) due to usage of the numerical code

. . . 45-47 AuNC+ghost ghost+AuNC
with a localized basis. E . (r) and EZ°) (r) are
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Fig. 1 Binding energy per atom for different binding scenarios of the
methylthiol (-SCH3) and octylthiol (-SCgH;7) ligands to the surface
atoms (facets) of the Ausg NC, together with optimized structures.

Kohn-Sham energies of the two NCs system where one of the NCs
is replaced by their ghosts3> and all atoms are fixed on optimized
positions at chosen distance r.

2.2 Colloidal approach

The colloidal model assumes that the contributions from each in-
dividual interaction are additive, so that the total interaction po-
tential can be expressed as their sum:

D =D,y + Pyrerics 3

where ®,; is the van der Waals attraction between the nanopar-
ticles, and ®y,,;. describes steric interactions. In general all the
interactions can be either attractive or repulsive, becoming a driv-
ing force for aggregation or preserving stabilization of system, de-
pending on the specific conditions. However, in vast majority of
cases the van der Waals component is negative, i.e. attractive,
whereas the steric component is almost always repulsive. The de-
tails of this model with all necessary parameters are provided in
the ESI.

3 Results and discussion

3.1 Nanocluster formation

According to the experimental observations*® and previous theo-
retical investigations* AuNCs appear mostly in cube-octahedra,
truncated octahedra and icosahedral symmetry forms. We have
started our investigation with set of nine AuNCs covering the rel-
evant range of sizes and representing the different core symme-
tries. The initial core structures were taken from literature among
most often reported. Specifically, Au,; has cyclic symmetry>C.
Five of chosen NCs, Au;s, Aujg, Ausg, Auss, and Auyg have oc-
tahedral symmetry 9. Auy¢ has tetragonal symmetry4®, whereas
Au,, has pentagonal decahedral symmetry®!. Finally, Auj44 has
been chosen as representative of icosahedral symmetry>2-°3. The
growth of gold core occurs at the same time as attachment of lig-
ands to the core*3#* In order to understand the synthesis route
of thiolated AuNCs and their morphology, we have built the Au

This journal is © The Royal Society of Chemistry [year]
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core of predefined size as spherical cut from face-centered cubic
Au bulk?® such that the above listed symmetries are fulfilled.
In the next step, we added ligands and then fully optimized the
whole system.

Table 1 Parameters characterizing morphology of thiolated gold
ultra-small nanoparticles: Au-Au, - the average bond lengths between
Au atoms on core surface, Au-Au, - the average bond lengths between
Au atoms inside the core, and Au-S - the average bond lengths between
Au and S, as calculated with standard exchange-correlation functionals
(GGA and LDA) and two describing van der Waals interactions (VV and
KBM). Experimental values describe structures of 3 nm
tiopronin-capped Au nanoparticles (l) and Au;p, AuNCs protected with
p-mercaptobenzoic acid (lI).

Au-Au; (A) | Au-Au, (A) | Au-S (A)
DFT, GGA (PBE) 2.86 2.88 2.43
DFT, LDA (CA) 2.81 2.87 2.40
DFT, VDW (VV) 2.86 2.90 2.43
DFT, VDW (KBM) 2.88 2.88 2.41
Experiment 1°% 2.85 2.85 2.46
Experiment 11°%°° — 2.8-3.1 2.2-2.6

The structural properties of protected AuNCs have been stud-
ied in DFT approach. The DFT relies on various approximations
to the exchange and correlation functionals that are nowadays
prerequisites for practical implementations of DFT. In spite of a
long list of successes, commonly used LDA and GGA, both possess
some significant drawbacks. One of them is rather poor descrip-
tion of van der Waals interactions. Therefore, in the first-principle
calculations performed in DFT framework we have implemented
novel functionals accounting for van der Waals forces to struc-
tural analysis of thiolated AuNCs. The results of calculations em-
ploying standard functionals (CA, PBE) and functionals designed
to describe van der Waals interactions (Vydrov-Voorhis (VV) 38
Klimes-Bowler-Michaelides (KBM)3?) are summarized and com-
pared to the experimental findings in Tab. 1.

LDA describes fairly well Au-Au bond lengths inside the NC
core and underestimates Au-S bond lengths due to well known
over-binding problem. GGA overestimates Au-Au bonds inside
the core, whereas Au-S are quite close to the experimental val-
ues. Both employed van der Waals functionals give Au-Au bond
lengths very close to the experimental values. VV better describes
Au-S bond lengths than KBM, therefore we have chosen VV for
further study. However, due to computational cost of using VDW
functionals, GGA functional is also a reliable choice. Our struc-
tural parameters are very close to those obtained with hybrid po-
tentials (BLYP) °®-57 and post Hartree-Fock methods>.

Ligands and their distribution over a core play a key role for
NC functionality. As shown in Fig. 1, the system becomes, as ex-
pected, more stable with adding more ligands. The chosen test
case of Auzg NC has two types of crystal facets, namely (100) and
(111). It transpires that the ligands preferentially bind to (100)
facet rather than (111). Binding the second ligand to the same
(100) facet is more probable than to the different (100) facet or
(111) facet. However, the second ligand will be attached as far
as possible from the first one to the same facet. The energetic
differences between those configurations are rather small (less

Journal Name, [year], [vol., 1-9 |3
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Fig. 2 (a) Binding energy per atom as function of a number of Au
atoms in the NC and the length of one ligand. (b) Binding energy per
atom for multiple ligands providing maximal coverage of Ausg NC as a
function of the length of the ligand.

than 0.0002 eV for -SCH3 and less than 0.0026 €V for -SCgH;7).
Arrangement of ligands depends on the type of facet leading to
differences in packing density of thiols on core surface. In other
words, ligands create bundles on core surface. Interesting con-
sequence was observed recently by Goubet and Pileni®®. The
formation of negative gold supracrystals was explained through
presence of concentrated zones of alkyl thiolates on core surface
due to well pronounced crystal facets.

Thiolated gold cores become corrugated by binding of ligands.
The bond between S and Au has a strong covalent character, com-
parable with Au-Au bond. Therefore, especially for smaller cores
like Auyq, the initial symmetry is significantly disturbed. Amor-
phization process leads to strain relief and in consequence to
energy minimization. Our findings are in good agreement with
experimental data. Mariscal et al.>®, who studied atomic struc-
ture of passivated gold nanoparticles smaller than 2 nm reported
that crystalline structure of cores is highly altered. Jadzinsky et
al.>! were able to obtain a clear picture of linear RS-Au-RS bind-
ings motifs present on the core surface, which they called ’sta-
ple’ motifs. Jiang et al.®® showed that once created ’staple’ mo-
tifs do not dissociate and help to preserve nanoparticle geometry.
We have found out that binding of two separate bridges on one
(100) facet of Ausg is more probable than binding all together
all four Au atoms by S atoms. The energy difference is equal
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Fig. 3 Interaction potential profile vs centre-to-centre separation for two
Auyj; NCs, calculated using different functionals: GGA, LDA, and VDW
in VV implementation. Inset: Results obtained without BSSE correction
are marked with open symbols, whereas closed symbols indicate
corrected relative energy.

0.021 eV. Square bridge geometry is preferred when the number
of thiol groups increases. Such gold-thiolate tetraunits were also
observed by Hikkinen et al.®1 The characteristic alignment of lig-
ands on certain crystal facets was found not only on AuNCs®2,
but also on PbS or CdSe NCs©%3.

The dependence of binding energy per atom on number of at-
tached ligands is a non-linear function. The binding energy of
Ausg with one -SCHj3 ligand is equal to -4.05 eV, with two ligands
-4.09 eV, with 3 ligands -4.12 €V, with 10 ligands -4.22 eV and
with 24 ligands -4.25 €V. It is clear that the decrease of magni-
tude of binding energy per atom is more pronounced for low lig-
and concentrations, in agreement with earlier observations %64,
The number of ligands and therefore the coverage of each NC
is well defined. This is why, it is possible®5 to control the gold
particle size by changing the Au/alkanethiol molar ratios.

Next, we have studied the effect of the core size and the length
of the ligands protecting AuNCs (see Fig. 2). Larger NCs, con-
taining smaller proportion of the surface atoms, are more stable,
as expected. In agreement with experiment®®, longer ligands are
preferred for the stability of NC. Similar results were obtained
when only one ligand molecule was used (Fig. 2 (a)) as well as
with full coverage of the core surface by the alkanethiol ligands

(Fig. 2 (b)).

3.2 Nanocluster interactions

Through careful synthesis and sample preparation it is possible
to obtain modisperse AuNCs of selected size.%7-%9. Therefore, we
focus here only on the interactions between identical NCs. Among
nine considered NCs we have chosen for further study the small-
est one, Au;;, the biggest one, Aujyy, and Ausg which has two
different types of crystal facets. These three representatives cover
the relevant and computationally accessible range of NC sizes. We
have placed two chosen optimized NCs inside a supercell and var-
ied the distance between them to obtain an energy profile. The
structures of NCs have not been optimized after the placement.

This journal is © The Royal Society of Chemistry [year]
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Let us start with comparison of standard exchange-correlation
functionals (PBE, CA) with non-local van der Waals functional
(VV). The interaction potential profiles for two Au;; (SCH3) 9 NCs
calculated using these functionals are plotted in Fig. 3. The posi-
tions of minimum and the depth of potential curves differ slightly
due to different values of bond lengths obtained in those three
approaches.

We have also analyzed the impact of BSSE correction on inter-
action potential profiles. The BSSE corrections are much more im-
portant in systems that the interaction occurs via physical regime
than by chemical bond and cannot be neglected here, 46:47:64.70
In order to verify that fact we have compared interaction poten-
tial before and after BSSE correction (see inset in Fig. 3). The
interaction potentials are not only shifted to more negative val-
ues (become more attractive), but also position of minimum and
shape of potential curve itself is altered. As expected, BSSE cor-
rection is necessary in those systems. The deepest minimum can
be observed for van der Waals functional, whereas local density
approximation gives the shallowest minimum. Surprisingly, after
BSSE correction the distance between van der Waals and general
gradient approximation decreases significantly. This confirms our
decision to use GGA rather than VDW functional in further cal-
culations. The position of minimum for VDW is shifted about 0.4
A in comparison to GGA and LDA. This is due to longer Au-Au
bonds predicted by VDW approach.

We have also checked the influence of optimization on our re-
sults. The curve obtained by optimization in each step contains
few minima and is not as smooth as the curve obtained with-
out optimization in each step. Alteration of distance between
AuNCs the system substantially changes its conformation espe-
cially, when two NCs are put closely together.

In the next step we have compared CST and DFT approaches.
In Fig. 4 (a) and (b) the dependence of interaction potential on
distance between centres of cores for different sizes of AuNCs
according to DFT and CST is depicted. The DFT results do not
present clear trend of clustering probability as a function of core
size. The potential depth is significantly different for the small-
est studied system, Au;; (SCH3) 9, and almost thrice deeper than
for Ausg (SCH3)24 NC. This is due to non-spherical shape and ab-
sence of defined facet of Au;; (SCH3) 9 NC. Nevertheless, for big-
ger AuNCs, trend is in agreement with expectations based on ex-
periments2!: Ausg(SCH3)4 will create less stable assembly than
Auy44(SCH3)gp. This observation is in agreement with Monte
Carlo (MC) and MD7172 simulations of bigger systems. Also
previous!® CST studies of bigger gold nanoparticles indicated
that interaction peaks becomes more attractive with increasing
nanocrystal size. The differences in relation between the smallest
considered AuNCs, Au;;(SCH3) g, and Auzg(SCHj3),4 in DFT and
CST approaches result mainly from neglecting the NC shape in
the colloidal approach.

The dependence of interaction potential between two AuNCs
on ligand length is presented in Fig. 5. Potential well of pro-
tected AuNCs obtained in DFT approach are order of magnitude
shallower than of bare cores (cf. inset in Fig. 5 (a)). This is as
expected - the unprotected AuNCs tend to aggregate, especially
in the absence of solvent. Their preparation, conservation and

This journal is © The Royal Society of Chemistry [year]
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protection require passivation with ligand molecules®?.

Generally, the depth and position of interaction potential is dif-
ferent for different length of ligands in DFT approach. The in-
teraction potentials of Ausg(SCyHs)o4 and Auzg(SC3H7),4 differ
from the rest of considered systems (see Fig.S1 in ESI). This ef-
fect for small ligands is well known problem of simulations that
do not contain solvent#%-61, Ligands in those two cases are bent
closely to core surface, which is also slightly altered from bare
case. Starting from -SC4Hg ligand, the situation is changed -
AuNCs are hedgehog-like structures, where ligand are sticking
out from core surface in all directions and only their segments
close to the core are tilted. Also, in MD simulation the 20-35°
tilting of alkyl chains with respect to the surface normal was ob-
served 167374 The results presented in this section correspond
to the equilibrium situation at 0 K. Besides the bending effect,
we do not have any configurational defects in ligand chains. The
results of experiments ' indicate that below the calorimetrically-
determined phase transition temperature the gauche defect den-
sity is low in the middle of the chain and near the sulfur head
group. Moreover, the detectable amount of gauche defects de-
creases with increasing chain length.”>.

In experiments1®2176 longer ligands are used, such as
hexane- and dodecanethiols. Therefore, it is better to compare
only the interaction potential of Ausg(SCH3)24, Ausg(SC4Hg)24,
and Ausg(SCe¢Hj3)24. The potential well deepens, therefore the
clustering becomes more likely with increasing the length of the
ligands. These intriguing DFT results are in good agreement
with MC and MD predictions’1:72, Moreover, our results cor-
respond well with earlier experimental studies showing a pro-
nounced role of faceting even for longer ligands!®. The trend
obtained in framework of CST is opposite. It shows that increase
of ligand length leads to shallower well depth. The shapes of
interaction potentials presented in Fig. 5 (a) are similar to each
other, whereas in Fig. 5 (b) one can see that potential curve is
broader with increasing lengths of ligand. The steric component
of @, increases with increasing length of ligands, whereas van
der Waals part remains the same. In colloidal approach, the vdW
interactions are explicitly accounted only for the cores, but not
for the ligands. Previous Brownian Dynamics simulations 1877
which nanoparticles interactions were described in CST approach,
predicted interactions between bigger Au nanoparticles more at-
tractive when the ligand film curvature is reduced.

The influence of solvent on interactions between two gold
nanoparticles is considered 20217879 to be one of the most im-
portant factors for obtaining required type of supracrystals. To
check the effect of solvent on AuNCs interactions in DFT ap-
proach, we have introduced toluene molecules into supercell with
two Ausg (SCH3)o4 (see Fig. 6). NCs, as well as solvent molecules
have been fully optimized. The binding energy of system contain-
ing solvent molecules is slightly reduced in comparison to sys-
tem without toluene. The energy difference is equal to 0.061 eV.
This means, despite only a small difference in cohesion energy
density of the solvent and ligand (as expressed by their Hilde-
brand parameters equal 18.2 and 15.5, respectively), the solvent
molecules will be pushed out from the interparticle space and
will allow for a closer approach of the NCs. The solvent exclusion

,in
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likely stems from the mismatch between the available space be-
tween the ligands and molecular size of the solvent, demonstrat-
ing the need for non-continuum models to be used at this scale.
The effect is indeed observed in experiments 1880 and reported in
MC study”’? of thiol passivated Au surface.

Since there is no consensus which interactions - between lig-
ands or between cores are dominant, we have decided to study
the influence of crystal orientation of interaction potential of
AuNCs. For this purpose, we have chosen Auzg NCs with well-
defined two crystal facets. Specifically, the relative interaction
energy between two Ausg cores, two Ausg(SCHj3)y4 and two
Ausg(SC4Hg)o4 NC at a distance 25 A as a function of angle be-
tween two different (100) facets has been determined. The po-
sitions of atoms in second AuNC are obtained by translation and
clockwise rotation by angle around centre of mass of that AUNC
(see Fig.S2). Cores in both AuNCs are frozen, whereas ligands
have been optimized to get vanishingly small forces. The differ-
ences in relative energies for ten angles between 0° and 45° are:
0.088 eV, 0.019 eV and 0.093 eV for Ausg, Auzg(SCH3)o4, and
Ausg(SC4Hg)o4, respectively. Adding ligands to the core works as
an isolation layer to the core and difference in relative energies

6| Journal Name, [year], [vol.],1—9

is reduced. However, for longer ligands the difference is not only
increased in comparison to shorter ligands, but also to unpro-
tected cores. It means that interactions between ligands start to
play significant role. Landman and Luedtke 8! previously showed
that the major contribution to the cohesive energy of superlat-
tice originates from van der Waals interactions between passivat-
ing molecules from neighbouring nanoparticles. Also Bhattarai et
al.82, who performed MD simulations of Auj,g9 passivated with
dodecanothiols, claimed that internal energy decreases with in-
creasing distance between nanoparticles mainly due to van der
Waals interaction between alkyl chains. The results which we
present here have been obtained in GGA, where van der Waals
interactions are severely underestimated. Nevertheless, we still
are able to see that the ligand interactions are of more impor-
tance for controlling self-assembly of AuNCs rather than interac-
tions between their cores. Their major role can be explained by
combination of steric interactions between the bundles of ligands
on the facets and related to them changes in electronic proper-
ties induced by the vicinity of second NC (see Fig.S3). This result
underpins the argument that AuNCs possess unique properties
unavailable not only in their bulk limit but also for their larger

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Visualization of fully optimized system of two Ausg(SCH3),4 NCs
in the presence of toluene molecules. C atoms in toluene molecules are
marked in turquoise color. Green arrows indicate ejection of toluene
molecules from the interparticle space. For clarity, eight other toluene
molecules present in supercell were removed.

counterparts.

The differences between CST and DFT approaches, as ex-
pected, become smaller with increasing size of NC. It appears,
the colloidal approach cannot properly describe small NCs due to
their non-spherical shape, presence of facets, and unaccounted
quantum effects. In effect several basic assumptions in the the-
ory of colloidal interaction break down at this scale3®. On the
other hand, the presented DFT approach does not take into con-
sideration the temperature and pressure effects. Nevertheless, the
colloidal approach, especially if the van der Waals interactions of
ligands are fully accounted for and the shape of core is taken into
consideration, should work well enough to predict interactions
between ultra-small nanoparticles.

4 Conclusions

In summary, we have combined two approaches, DFT and CST, in
order to evaluate a driving force for the self-assembly of nanopar-
ticles occupying the middle ground between the colloidal and
molecular applicability regimes. To this end, we have determined
the structural properties and investigated the interaction poten-
tials between AuNCs with different core sizes, symmetry forms,
ligand lengths, mutual orientations and in the presence/absence
of a solvent. For the first time novel exchange-correlation func-
tionals accounting for van der Waals forces were employed to
systems combining metal and organic moieties and consisting of
hundreds of atoms. Our calculations demonstrate the dominant
role of the ligand-ligand, rather than core-core, interactions in
determining the propensity of the AuNCs to form larger assem-
blies. This is implied by a stronger attractive potential for NCs
with longer ligands, in agreement with experimental results, and
appears to stem from unusual effects of the bundling of the lig-
ands on the NC facets and related redistribution of electronic
charges due to presence of neighbouring NCs. In contrast, CST
fails to reproduce this trend, highlighting the need for better un-
derstanding of NC interactions governing their assembly for vari-

This journal is © The Royal Society of Chemistry [year]
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ous biomedical and optoelectronic applications.
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