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1 Introduction

On microscopic length scales, the icosahedral structure is often observed. Many viruses,
e.g. the Herpesvirus or the Poliovirus, take this shape.! Small clusters of up to 1600 atoms
or molecules with Van der Waals attractions often form close-packed icosahedral structures
at low temperature.? Although the structure of gold clusters of up to 5000 atoms is still
subject to debate,>? there is strong evidence that they have an icosahedral shape too.”*
Such metal or semiconductor clusters are called nanocrystals (NCs). They can be synthesized
in a narrow size range by phase-transfer catalysis.'®!! Surfactants such as alkyl thiols adsorb
on the surface of a NC and form a capping layer, that hinders it from further growth and/or
fusion with other particles. Moreover, they promote aggregation and self-assembly.® The
2D- and 3D-self-assembly of mono- and polydisperse gold NCs is a very exciting topic, since
regular, periodic structures have been observed on a large scale.'?13

The fundamental interactions between NC building blocks that determine the formation
of these superstructures cannot be easily accessed experimentally. Molecular simulation tech-
niques such as Molecular Dynamics (MD) and Monte Carlo (MC) are the natural choice to
study properties of these structures at the atomistic scale. For example, in the recent work,
a successful interplay between computer simulations and experiment shown that it is possible
to predict and synthesize of new crystal structures from colloidal self-assembly. It would be
very interesting to apply the same methodology to NCs.

Previous simulation studies on systems with one single gold NC capped with alkyl thiols
have been carried out using a full atom description for NCs.>** Due to high computational
cost, only few studies investigated properties of systems with several NCs.1%2%21 The NCs in
those studies were relatively small (up to 140 atoms) compared to the ones typically used in
assembly experiments.!? Recent simulation studies'®?! show, in addition, that the presence
of solvent strongly influences the structure of capping layers. Our ultimate goal is to enable
simulations of a large number of NCs with surfactant and solvent molecules at computation-
ally affordable cost. However, due to the large size of such systems, a completely atomistic
description for NC, capping layer and solvent would be computationally very expensive.

In this work, we develop a coarse-grained model for an icosahedral cluster of gold atoms
interacting with point particles, yielding quantitatively the same properties as the full atom
description. It is important to include the polyhedral shape in models of NCs whenever
their facet size is larger than the distance between surfactants or of the same order as the
surfactant length. For example, the separation between thiol headgroups on planar Au(111)
surface is ~ 5A,22 while the average end-to-end length of a dodecane-thiol surfactant at room
temperature is ~ 14A.'> For comparison, Auss (diameter ~ 27 A) has an edge length of
~ 14 A. Therefore, a spherical interaction model will not be suitable for NCs of this size.
Conversely, when facets become smaller than surfactants, the precise shape of the NC is of
less importance and, therefore, smaller NCs such as Auyy (diameter ~ 15A) can be modeled
spheres.?’

In Ref.,?> Hautman and Klein introduced an effective potential describing the interactions
between surfactant atoms and an Au(111) surface. Their work can be interpreted as coarse-
graining an extended surface into an interacting wall. The Hautman—Klein potential remains
very popular for describing self-assembled monolayers of alkyl thiols on Au(111).227 Our
work can be considered as a 3D-generalization of the Hautman-Klein potential to icosahedral
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clusters. In principle, the coarse-graining presented here can be applied to all kinds of faceted
particles. To the best of our knowledge, this paper presents the first size- and shape-preserving
interaction model for polyhedral particles.

2 Model

Consider a system consisting of a gold NC with an alkyl-thiol capping layer as in Fig. 1.
We apply the united atom model to solvent and surfactant chain molecules, i.e. groups
of atoms such as SH, CHy and CHj3 are combined into pseudoatoms. Pseudoatoms of the
same molecule separated by three or less bonds interact with each other via bond stretching,
bending and torsion potentials.?® The non-bonded interactions and the interaction with gold
in the full-atom representation are modeled by the Lennard-Jones (LJ) pair-potential

) =1¢[(2)" - ()] 0

with the potential well depth € and the characteristic length o. In our simulations the potential
is truncated and shifted

brs () = { gLJ(r) — ¢ry(re) <. (2)

r>r. ’

with the cutoff radius 7. = 12A, in line with our previous work'®'. Parameters for the

carbon—carbon interactions are taken from Ref.,?® for the thiol-thiol interaction from Ref.,?
and for the gold-carbon and gold-thiol interactions from our previous work.!® The lattice
constant of gold is 4.08A. For further details we refer the reader to Ref.'?

We will exploit the high symmetry of the icosahedron (Th) in our model. An Th has 20
faces which are all equilateral triangles; at each of its 12 corners five faces meet, see Fig. 2(a).
The 20 facet midpoints have the same distance to the center, which is called the in-radius Rjy;
the 12 corners also have equal distances to the center called the out-radius Ry ~ 1.26 Rj,.
We will represent a NC as an Th defined by the center of mass and 20 vectors connecting it
to the facet midpoints. Although we develop and test our model for a rigid nanocrystal with
561 atoms (diameter ~ 27A, Ry, = 10.6A), we will show that our coarse-grained model can
also be applied to larger NCs.

3 Force field development

We consider a half-line starting from the NC-center. A certain part of this line lies inside the
Ih. We denote its length by ri, that obviously depends on the orientation of the half-line.
The facet triangle pierced by this line is then the closest facet. If « is the angle between
the half-line and the line connecting the center of the closest facet with the NC-center, then
Tico = Rin/ cosa, see Fig. 2(b). We place a pseudo-atom at each point on this half-line and
calculate its total interaction with the nanocrystal

Nnano

Uet(r) = Z Pry(ri) (3)

3

URL: http://mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics

with r being the distance to the NC-center, r; the distance to the gold atom ¢ and Np.,, the
number of atoms in the NC. We find that for all orientations we can fit Ueg(r) with the same

type of function:
10 4
T T
(T—Tico) (r_rico)

where Uy, and 7 determine the potential well depth and width respectively. The potential
of Eq. (4) has a minimum at r* = ri, + 7v/2.5 with the value U(r*) = —Upin. Just as 7ie,
(Fig. 2(b)), the parameters 7 and Uy, (in principle) depend on the orientation of the half-line.
Remarkably, we find that the value of 7 differs by only 0.2A for different orientations of the
half-line and, therefore, it will be set constant in the remainder of this paper. Fig. 3(a) shows
that the value of U, is lowest in the direction of a facet center and highest in the direction
of a corner, the difference is factor 3. This has also been observed for the effective interactions
between an argon atom and a fullerene molecule.? The 10 — 4 potential of Eq. (4) has the
same asymptotic behavior as the coarse-grained model of Ref.,?° where Au-CH, interaction
is modeled via 12 — 4 potential. However, it is important to note that in that work the
coarse-grained potential has a spherical symmetry (i.e. i, 7 and Uy, are constant and do
not depend on «), and hence the repulsive part of the potential (which results from the shape
of the NC) is expected to be different.

5 2
Ueff(r) == g (25)§ Umin

: (4)

We have calculated the effective interactions also for Auy45 (diameter & 4OA), see Fig. 3(b).

The size effect on the effective interaction is negligible, i.e. the parameters 7 and U,,;, are the
same for both NCs. Therefore, our coarse-grained model will also be applicable to all larger
icosahedral NCs.

The icosahedral shape influences U, significantly in the following way: at the facet
midpoint a particle has more gold atoms in its neighborhood than on the edge, and hence
more attractive contributions to the potential, see Fig. 2(a). This geometrical difference is
expressed primarily by the value of the angle a. The well-depth U, depends also on the
atomistic structure of the surface. It is well-known that a thiol head prefers a hollow side
between three gold atoms over a position on top of a gold atom.??3° This makes a convenient
analytical expression for U, impossible. The same problem arises when modeling extended
surfaces, and the popular Hautman—Klein potential implicitly averages over the atomistic
structure of bulk Au(111).

We calculate U.g and Uy, for half-lines going through points of the triangle limited by a
facet center, edge center and a corner. Any point on the Ih—surface is equivalent to a point
inside such a triangle by symmetry. We fit those minima to the function

Unin = US. —nsin®a (5)

min

with US, being the well-depth at the facet center and 7 a constant fitting parameter, see
Fig. 4(a). The term sin®  is chosen for computational simplicity. Parameters for different
pseudoatoms are summarized in Table 1. Fig. 4(b) shows that, due to this averaging proce-
dure, the effective potential is not reproduced as nicely as in Fig. 3(a) anymore. Nevertheless,
the results of the next section show that our force field yields sufficiently accurate values
for the energy. A convenient implementation of the potential defined by Egs. (4) and (5) is

described in the appendix.
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It is important to note that our coarse-graining procedure is fundamentally different from
the well-known approach by Hamaker.® An analytical expression for the attraction between
spherical colloids was derived there. In that approach it is assumed that interaction centers are
smeared out homogeneously over the object, and integrated the Van der Waals — attractions.
In Ref.3? the same integration was used for LJ interactions between spherical NCs and point
particles. We tried this approach for our system. Along different half-lines, we integrated the
LJ-potential ¢r,5(r) over the Ih instead of the summation over the gold atoms in Eq. (3). The
resulting effective interactions for SH are up to 1.5 times weaker than the ones obtained from
Eq. (3); for CH, both approaches yield similar results. Note that a typical distance between a
thiol headgroup and the closest gold atom is approximately the same as the distance between
two closest gold atoms (= 2.9A),% and therefore SH can feel the discrete surface structure.
Thus, the Hamaker approach is not always suitable for interactions between NCs and atoms.

4 Comparison of the coarse-grained and full atom mod-
els

As the main reason for coarse-graining the interactions between a NC and a united CH, or
SH atom is to reduce the computation time, we investigated the computational efficiency of
the potential defined by Egs. (4) and (5) and compared it to the full summation in Eq. (3).
We found that an evaluation of the effective potential is on average 50 times faster than the
explicit summation.

To obtain a quantitative justification of our coarse-graining procedure we compared aver-
age interaction energies. A large number of random positions at a fixed distance r from the
NC-center was generated. For each of these positions, the interaction energy with a full-atom
NC and the effective potential Egs. (4) and (5) were calculated. A normal (unweighted) av-
erage as well as a Boltzmann average (i.e. weighted with exp(—U/kgT) at T' = 300K) over
the values were taken. Relative energy differences of both averages between the two models
were less than 20% close to the surface 14A < r < 16A and less than 5% at large distances
18A < 7 < 21A. The error is caused by the averaging over the atomistic structure, see Fig. 4
and is, therefore, inevitable. Note that the error becomes larger for r > 20A when truncating
the LJ potential in the full-atom model.

We performed MC simulations in the canonical ensemble (constant number of particles,
volume and temperature) for NC fully covered with decane-thiol for both models. Several
order parameters were compared at T = 300K: the radial distribution function (RDF) of
surfactant centers of mass, the RDF between NC and surfactants, and the orientational
distribution of surfactants. The latter is defined as follows. For each molecule, we defined
the vector b that connects the first segment to the last. Furthermore, for each molecule, we
calculated the vector b’ that connects the NC center of mass to the molecule center of mass.
We subsequently determined the distribution P(7y) of the minimal angle v € [0, ] between
b and b’. Low values of v represent chains that are oriented perpendicular to the surface,
whereas v — 7 represent chains that are oriented parallel to the NC surface, see Fig. 5. The
results are presented in Fig. 6. We conclude that the structure of surfactants is well described
by the coarse-grained model.
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For the same system, we have calculated the caloric curve, i.e. the potential energy as a
function of temperature. The energies (in units of the Boltzmann constant kg) computed using
the effective potential are approximately 100000K (6%) lower than the ones computed using
the full-atom model, see Fig. 7(a). Nevertheless, the shapes and slopes of the two curves are
similar. The non-linear, noisy behavior of both curves around 280K (encircled in the figure) is
due to the melting of the monolayer, see Figs. 1(a) and 1(b). At low temperatures, surfactant
chains are aligned, while at high temperatures they are disordered. Experiments suggest that
this transition should occur slightly below room temperature for decane-thiol.>®* Previous
simulations yield transition temperature of 294K for dodecane-thiol on a larger NC.'> We can
conclude that our coarse-grained model is consistent with both experiments and full-atom
simulations.

It is important to note, that in the full-atom model the LJ-potential was truncated and
shifted. We applied a cutoff radius of 12A. This yields a shift of each Au-S interaction (which
has the largest contribution to the total energy) by —1.3K, i.e. —1.3 x 120 x 561 = —87516K
in total. We have added this number back, and obtained a very good agreement with the full
atom model, see Fig. 7(a). Recall that the effective potential was fitted to the full LJ-potential;
and no cutoff was applied in simulations with the coarse-grained interactions.

A rough estimate can be made for the efficiency of our coarse-grained potential. In the
considered system there are 561 gold atoms and 11 x 120 = 1320 pseudoatoms (SH, CH,). To
calculate the total potential energy, 561 x 1320 NC-—capping layer interactions and 1320 x 1320
interactions within the capping layer must be computed. Therefore, coarse-graining the NC—
capping layer interactions can save ~ 30% of the computation time. This amount increases
with larger NC size since the number of gold atoms scales with the volume while the number of
surfactants scales with the surface area of the NC. The simulations with the effective potential
were more than twice as fast than the full-atom ones. The main reason for this additional
gain is the higher acceptance rate for trial moves in the coarse-grained model, yielding a faster
equilibration and better sampling. Surface roughness causes lower acceptance probabilities in
the full-atom model (see also Section 3).

We calculated the adsorption isotherm for propane-thiol in vacuum using the coarse-
grained potential and compared it to the one calculated in our previous work using the
full-atom model, see Fig. 7(b). They lie in the same range but the full-atom model isotherm
shows a steeper curve. We have observed and explained this difference when comparing a
full-atom Au(111) slab to an effective potential in our previous work.'?

5 Conclusions

In this work, we have computed the total interaction energy between an icosahedral gold NC
and Lennard-Jones particles. This interaction can be described by an effective 10-4 potential
Eq. (4) with an isotropic (constant) value for 7. It turns out that the effective interaction
is the same for all icosahedral Au-NCs with more than 500 atoms. The interaction strength
(Unin) is highly anisotropic as a result of the faceted surface. Averaging over the surface
roughness, we obtained a coarse-grained interaction model Eqgs. (4) and (5) that accurately
describes interactions of united CH, or SH atoms with a NC. This model was applied to a
system with Ausg; capped by decane-thiol and we found that the computed thermodynamic
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properties hardly differ from those computed using the full atom model.
The force-field development presented in this work for icosahedral particles can be applied
to any regular polyhedral shapes.

Acknowledgments

We thank Dr. Tim S. Jakubov for fruitful discussions. TJHV acknowledges the Netherlands
Organization for Scientific Research (NWO-CW) for financial support through a VIDI grant.

A Computational details

Since the potential is developed for large-scale simulations, it should be as computationally
cheap as possible. The first task is to find the closest facet center f for a given point r.
Assume that the NC-center is in the origin. We see that

r—f?=(r—fr—f)>=r"+ R —2(r,f). (6)

To find the closest facet center we identify the maximum of the dot product (r,f;) where i
runs over the 20 facets. We can use this immediately to check whether the point r lies inside
the NC (in this case (r,f) < R?). Moreover, we obtain

(r, £)*

2 P2 -
¢ RS

cos® o = (7)
Explicit calculation of r and cos @ would involve an expensive (on some computers) eval-
uation of a square root, we avoid it as follows:

2 22
2 2 Rin r Rin
(r—rico)” =1+

(8)

cosa  (r,f)

In a similar manner one can avoid square roots during force calculations in MD simulations.
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Table 1: Force field parameters for the coarse- grained interaction potential Eqs. (4) and (5).

| UG /kslK] n/kp[K] 7[A]

CH; 1200 2500 2.9

CH, 970 2020 2.9

SH 15500 25000  2.35
10
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Figure 1: Gold NC capped with decane-thiol at two different temperatures. Gold atoms are
represented by large dark spheres, thiol heads by small light spheres and carbon segments
by lines. (a) The capping layer is melted (7" = 350K). (b) The capping layer is frozen
(T = 250K).

Figure 2: (a) Schematic representation of an icosahedral nanocrystal: atoms of the NC are
represented by grey spheres, edges of the Ih by black lines. (b) A sketch of the effective
potential calculation. Gold atoms are represented by large grey circles, a pseudo-atom (CH,)
by the black dot and the closest facet of the Ih by the bold vertical line. The half-line
mentioned at the beginning of Section 3 connects the NC-center with CH3z. The bold dashed
lines represent other facets. The distance between the pseudoatom (CHj) and NC-center is
r. Dashed arrows represent LJ interactions with the gold atoms, the sum of which is Ueg(r)
as in Eq. (3). The solid double-sided arrows indicate the in-radius R;, and the part of the
half-line inside the Th 7;,; the angle between them is a.

Figure 3: Effective interactions of pseudo-atoms CHj (a) and SH (b) with nanocrystals. (a)
Effective Ausg;—CHj interaction along half-lines through the midpoint, edge center and a
corner of a facet (symbols); and fits to the 10 —4 potential of Eq. (4) (lines). For clarity, only
every 15th symbol is displayed. Parameters 7 and U, result from fitting to the individual
curves. (b) Effective Ausg;—SH and Auyy5—SH interactions respectively, calculated in the
direction of a facet midpoint and of a corner. Note that on the horizontal axis ri., is subtracted.
The pairs of lines corresponding to same directions coincide.

Figure 4: (a) The minima U,y;, of the effective interaction Eq. (4) as function of « for a large
number of orientations for SH (represented by dots). The orientations are chosen uniformly
from the triangle with corners at a facet center, at a corner and at an edge center; other
orientations follow by symmetry of the Ih—surface. Circular patterns arise due to atomistic
details of the surface. The fit to Eq. (5) with parameters from Table 1 is displayed by the
solid line. The parameters are chosen in a way that low energies are better reproduced than
the high ones.

(b) Effective Auss;—CHjz interaction along half-lines through the midpoint, edge center and
a corner of a facet (symbols), and according to Eq. (5) with parameters from Table 1 (lines),
in contrast to Fig. 3(a) where the parameters were fitted to individual curves.

Figure 5: Definition of the angular orderparamter ~.

11
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Figure 6: Orderparameters at T = 300K calculated using the full atom model and the
effective potential: (a) RDF of surfactants, (b) RDF between NC center and surfactants, (c)
orientational distribution.

Figure 7: (a) Caloric curves for an Ausg; capped with 120 decane-thiol molecules. The vertical
offset is mainly due to cutoff in the full-atom model. The corrected curve is obtained by adding
the cutoff energy back to the full-atom curve. (b) Adsorption isotherms for propane-thiol on
Ausgr in vacuum at T' = 300K calculated using the full-atom and the coarse-grained approach.
On the horizontal axis is the density of the thiol in the ideal gas phase. On the vertical axis
is the relative coverage. See Ref.!? for more details.

12
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