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A multi-scale molecular dynamics study of the
assembly of micron-size supraparticles from
30 nm alkyl-coated nanoparticles†

Damien Thompson,*a Mateusz Sikora,b Piotr Szymczakc and Marek Cieplakb

Atomistic and meso scale computer simulations of nanoparticle aggregation are combined to describe

the self-assembly of supraparticles in bulk and on surfaces under vacuum conditions. At the nano scale,

atomic resolution molecular dynamics simulations provide the structures of 30 nm-diameter

nanoparticles bound to each other and to coated hydrophobic surfaces, through the physical

contacting of their alkyl coats. This ‘‘molecular velcro’’ has been recently exploited in experiments to

direct the aggregation of coated nanoparticles into stable assemblies on electronics platforms.

Interaction potentials are extracted from the nano scale simulations and transferred to coarse grained

Brownian dynamics simulations that describe multi-nanoparticle aggregation and surface deposition.

The simulation results show that the large interaction area between 30 nm nanoparticles provides a

strong driving force for assembly of strongly-welded, porous supraparticles under vacuum conditions.

Interaction forces are significantly larger than those found in earlier simulations of the aggregation of

smaller nanoparticles, indicating that supraparticle assembly using large 30 nm nanoparticles may be

kinetically controlled. The porosity programmed into kinetic assembly may potentially benefit emerging

applications of nanoparticle assemblies in medicine, in particular the development of nanostructured

drug-eluting stent coatings. Future work will involve potential of mean force calculations in a variety of

solvents to estimate the porosity obtainable for specific applications.

Introduction

The self-organization of organic-coated inorganic nanoparticles
into two- and three-dimensional superlattices provides new
mesoscopic materials for electronic devices1,2 given their demon-
strated collective magnetic, optical, and charge transport
properties.3–11 These materials provide a direct means of setting
macroscopic physical properties by nano scale engineering.12

Fine-tuning the driving forces underlying nanoparticle self-
organization requires detailed multi-scale experiments and
simulations (see for example ref. 13 and 14) and so the purpose

of the present work is to probe the mechanism of supraparticle
assembly using integrated nano and meso scale computer
simulations. The observed superlattices arise via individually
weak non-covalent interactions between the chemical coats on
each nanoparticle15–19 that, summed over many interacting
nanoparticles, provide tightly-woven and extensive self-assembled
structures. Hence small nanoparticles, on the order of 1–10 nm
in diameter, exhibit thermodynamically controlled assembly
into ordered, self-correcting arrays.13,14 A parallel strand of
research in nanoparticle organization is the use of linker
molecules to covalently bind the (again, generally sub-10 nm)
particles.20 Although providing direct molecular tunnel junc-
tions between the nanoparticles,20 the strong chemical bonding
can hamper self-healing of the assemblies.

In the present work, molecular simulations describe the
structure, dynamics and energetics of nanoparticles aggregating
via physical contacting of their hydrophobic molecular coats21–23

and nanoparticle deposition on bare and coated surfaces.24–26

We focus on the non-covalent self-assembly of large, alkyl-coated
30 nm-diameter nanoparticles. Such large nanoparticles are much
less studied than smaller, typically sub-10 nm, particles and their
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B30 nm diameter means their aggregation may differ from
the fluid-like, self-healing arrays assembled using smaller
nanoparticles13 and the rigid arrays formed by chemically
fusing the nanoparticles.20 The simulations in the present work
indicate that the assembly may exhibit useful features of both,
combining self-healing at the molecular scale with the for-
mation of stable (rigid, long-range ordered) superlattices. These
features are made possible by the large number of alkyl chain–
chain interactions at each nanoparticle–nanoparticle interface,
which provides a large driving force for aggregation. The
computed atomic scale interaction potentials are mapped to a
coarse grained potential that shows micron scale aggregation
into kinetically stable, porous supraparticles under vacuum
conditions.

In effect, the deep interaction wells coupled with the short
range of the interactions between alkyl chains relative to the
large size of the 30 nm particles hinders assembly of the
thermodynamically most stable supraparticle that would have
all buried nanoparticles in high coordination sites; we find
instead kinetic trapping of individual nanoparticles at their
‘‘landing’’ sites on the growing multi-nanoparticle cluster,
which gives porous supraparticles. Future work will involve
potential of mean force calculations in a variety of solvents to
quantify the effects of solvent steric hindrance and dielectric
shielding on the strength of the potentials.17,26,27

A number of recent simulation and experimental findings
motivate the multi-scale modelling approach presented in the
current work.

(1) Brownian dynamics simulations can identify mesoscopic
assembly mechanisms that help explain experiments,14 hence
we use interaction potentials computed at the atomic scale to
parameterise a more coarse grained potential energy function
that describes meso scale formation of many-particle clusters.

(2) Although the alkyl coats on small sub-10 nm nano-
particles are known to interact strongly through van der Waals
forces, with aggregation strength increasing with both nano-
particle size and chain length,27,28 the interactions of larger
nanoparticles are much less studied.29,30 Hence we investi-
gate the aggregation mechanism and binding forces between
large 30 nm nanoparticles coated with hexadecanethiol (C16)
molecules.

(3) Alkyl-coated nanoparticles do not aggregate well in
‘‘good’’ (in this case, non-polar) solvents,27,28 hence to be able
to form the particle–particle interfaces in reasonable com-
putational time, we performed the atomistic simulations in
vacuum. This provides an upper limit of aggregation strength;
future work will model solution-phase aggregation in different
solvents.

(4) Equilibrium, non-steered simulations require long sam-
pling times,25 hence we perform 10 ns nano scale dynamics for
each complex, summing to 0.4 ms overall; the structures and
interaction energy estimates generated in the present work will
provide starting structures and forces for future potential of
mean force simulations.31,32

(5) Heating lowers the effective attraction potential without
changing the interaction distance,27 hence we performed nano

scale simulations at room temperature and meso scale simula-
tions at an effective temperature parameterised from the nano
scale simulations. We also performed control simulations at
elevated temperatures and observed more fluid-like assemblies.

(6) Semi-coarse grained, in particular ‘‘united atom’’, models
provide a molecule-level model of alkyl chain interactions.15,27,28,33

Given the need to quantify atomic level interaction strengths
for the less-studied, large 30 nm-diameter nanoparticles,
we used a more detailed, all-atom model for the nano scale
simulations.

(7) Periodic models can introduce artificial ordering of
supraparticles,28 hence we used large simulation cell sizes for
Brownian dynamics that permit unconstrained aggregation.

Motivated by these and other recent studies discussed
below, we focus on large, 30 nm nanoparticles and start from
the most physically sound all-atom model to estimate the
interaction strength between their chemical coats. We then
use the calculated interaction potentials to model, using more
coarse grained Brownian dynamics, the formation of supra-
particles via multi-particle aggregation. We find that the 30 nm
nanoparticles form very tightly coupled interfaces under
vacuum conditions, which leads to kinetic trapping of indivi-
dual nanoparticles and which may provide routes to synthesis
of porous supraparticles, though practical applications will
require careful selection of solvent and ionic strength to tune
the particle–particle interaction.

Methods
Atomistic molecular dynamics simulations

59 400-atom models were used to describe the alkanethiol-
coated gold surface, with 900 hexadecanethiol chains arranged
in a 2O3 � 3 self-assembled monolayer (SAM) unit cell34 to give
a packing density of 4.5 molecules per nm2. The chains adopt a
tilt angle of 30135,36 on a five-layer, 13 500-atom Au(111) square
cuboid with surface dimensions a and b of 14 nm. The 30 nm-
diameter nanoparticle surface curvature was modeled by
defining a series of spheres of radius 1, 2 and 3 nm around
the central gold atom and then shifting down 1, 2 and 3 gold
layers to make the 30 nm nanoparticle surface, as shown in
Fig. 1a, with the three selections illustrated using the blue, red
and grey triangles. The nanoparticle surface was then coated
with hexadecanethiol (Fig. 1b) molecules, as shown in the inset
of Fig. 1a. Selection of alternative sphere radii would allow for a
wide range of particle curvatures (radii) to be modelled in the
future using this simple protocol (as we expect particle curva-
ture to have a large effect on the aggregation strengths, from
the data presented here for 30 nm particles and literature data
on smaller nanoparticles).

The coated surface and nanoparticle models were combined
in large simulations cells to extract interaction potentials. The
distance between pairs of non-bonded atoms for inclusion in
the pair list was set to 13.5 Å with a 12 Å cutoff and a switching
function used between 10 and 12 Å. The atomic scale simula-
tions required four model types and thirty-five model variants
in all: fourteen to describe (1) the interaction between coated
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flat surfaces; seven for (2) the interaction between coated 30 nm
nanoparticles; eight for (3) the interaction between a coated flat
surface and a bare flat surface; and finally, six to describe
(4) the interaction between a coated 30 nm nanoparticle and a
coated flat surface. The crystallographic (as opposed to con-
tinuous) model used to generate a first approximation to the
atomic scale particle surface structure is appropriate for room
temperature studies.15 Other surface topographies are possible
apart from the one we choose to model in the present study
(Fig. 1a); the large surface area of the 30 nm nanoparticles

means we may expect a large variety of near-isoenergetic shapes
and surface geometries. The NAMD program,37 together with
the CHARMM22 force field,38 was used for room temperature
Langevin molecular dynamics with a NVT ensemble (constant
number of particles, constant volume and constant temperature).
Gold atoms were constrained to their starting crystallographic
positions throughout the simulations and given standard
CHARMM22 van der Waals potentials,38 and a 2 fs timestep was
used for dynamics by constraining covalent bonds to hydrogen
using the ShakeH algorithm.39 Each model was relaxed using
2000 steps of steepest descent minimization and then brought to
room temperature by gradually raising the temperature from 0 to
295 K over 2 nanoseconds of dynamics while simultaneously
loosening positional constraints on the alkanethiol heavy atoms.
The final 2 ns of each 10 ns production run were used to generate
energy vs. distance interaction profiles, sampling every 20 ps over
100 statistically-independent structures and extracting the nano-
particle–nanoparticle and nanoparticle–surface interaction ener-
gies, summed over van der Waals and electrostatic interactions.
Image generation and Tcl script-based trajectory analysis were
performed using the VMD program.40 Further computational
details are provided in ESI,† Section S1.1.

Meso scale molecular dynamics simulations

To model meso scale multi-nanoparticle aggregation, we
extracted effective coarse grained interaction potentials from
the atomistic data. We use the potentials derived for the
specific case of long chain alkanethiol molecules on gold
nanoparticles under vacuum conditions, which neglects solvent
interactions and electronic interactions between the gold cores,
and serves as a model for more general hydrophobic molecule-
mediated assembly of supraparticles, including for example,
networks of lauric acid-functionalized cobalt nanoparticles.3,4,7,9–11

The atomic scale potentials describe the thermodynamics of
individual interfaces A–B. For example, the interface between
two nanoparticles A and B or the interface between nano-
particle A and surface B. We use these computed potentials
to extrapolate to collective mesoscale behaviour using coarse
grained simulations that contain these A–B sticking potentials.
The mesoscale simulations illustrate the types of architectures
that arise under conditions of assembly in the absence of
hindrance from solvent molecules, i.e., the strongest inter-
action theoretically obtainable between A and B. We find that
the rapid, simultaneous formation of multiple, strong inter-
faces leads to the formation of porous assemblies in which
individual nanoparticles may be trapped in low-coordination
sites in the supraparticle matrix.

The meso scale models simulate the formation of supra-
particles by nanoparticle aggregation in bulk and near attractive/
repulsive surfaces. We consider N nanoparticles (the maximum
number used is N = 5954) in a cubic box with size l up to 1.5 mm.
There are periodic boundary conditions in the planar x and
y directions. The evolution of the system is then studied using
Brownian dynamics41 simulations.

The atomic scale potentials given in Results indicate that the
interaction energy becomes significant at separations below

Fig. 1 (a) Projection of the curved, hexadecanethiol-coated Au(111) surface
model (inset) onto the surface of a 30 nm-diameter nanoparticle. The hexade-
canethiol molecules are shown as green lines with hydrogen atoms omitted for
clarity. (b) One hexadecanethiol molecule, shown in ball-and-stick representation
with light-blue, white and red spheres for the carbon, hydrogen and sulfur atoms.
The sulfur atom bonds the molecule to gold while the terminal methyl CH3 group
at the other end of the alkyl chain is exposed at the surface of the coated
nanoparticle. (c) 2-D projection of the coated 30 nm nanoparticle, from the
calculated most stable interface structure given in Fig. 2(a), with the inset at the
top righthand corner showing the vertical gap separation between nano-
particles. The inset panel shown inside the nanoparticle sphere sketches a
horizontal 2-D projection of the resulting hexagonal crystal packing of 30 nm
nanoparticles to form an ordered superlattice.
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around 4.5 nm. To describe the interactions between nano-
particles we fit the potential to a standard 6–12 Lennard-Jones
potential with well depth and position set according to Fig. 2a
in Results. This corresponds to �16.2 eV for 900 � 2 hexa-
decanethiol chains on two large 30 nm particles (i.e., 1800 �
�0.009 eV per chain) at s = 2.3 nm separation. For interaction
with an attractive wall, the potential well corresponds to �72 eV
(from Fig. 4a in Results, for 900 chains on a large 30 nm particle
and 900 chains on a coated surface, i.e., 1800 � �0.040 eV per
chain) and the minimum is at s = 2.8 nm separation. Note that
the interaction of a coated surface with a bare gold surface
(described in Section S2.2 of ESI†) gives a similarly large value
for particle–surface interaction, �63 eV, from 900 � �0.070 eV
per chain. We represent the 30 nm particle interaction with the
coated surface by the 3–9 potential as given by

VðNP-wallÞ ¼
3
ffiffiffi
3
p

3
eNP-wall

sNP-wall

sNP-wall

� �9

�l sNP-wall

sNP-wall

� �3
" #

(1)

where the parameter l allows for switching between the attrac-
tive (l = 1) and repulsive walls (l = 0). The parameter sNP-wall is
derived from the location of the minimum when l = 1. Both the
nanoparticle–nanoparticle (NP–NP) and NP-wall potentials are
cut at s = sc, with sc estimated as s = 4.5 nm from Fig. 4b in
Results, over twice the length of two extended hexadecanethiol
molecules (2 � 2.0 nm). For the surface interaction the top wall
is the same as the bottom wall and the particles are initially
placed uniformly within the volume with the condition that the
gap separation (from both the top and bottom walls) is at least
twice the NP radius.

Wang et al.42 recently described model potentials for the
interaction between gold nanoparticles, including Morse,
Lennard Jones and Hamaker potentials, and derived a correc-
tion to account for the interaction between the alkyl molecule
coats. The resulting potential showed a deep attraction energy
well,42 of similar shape to those derived from the atomistic
molecular dynamics simulations in the present work, and the
general approach42 proved useful for mapping the range of
parameter potentials governing self-assembly. Although the
‘‘united atom’’ or semi-coarse grained MARTINI model used
in ref. 28 captures aggregation in great detail, the nanoparticles
are very small, B1 nm, and the aggregation is limited to just
8 nanoparticles per cell. By contrast, we model cells containing
up to several thousand 30 nm nanoparticles. In common with
ref. 28 we use Brownian dynamics, and we direct the simula-
tions towards long timescales by using gravity to speed up
aggregation. Finally, very recent simulations13 have modelled
the self-organisation of polydisperse nanoparticles into remark-
ably well-ordered supraparticles using a complex model that
includes long-range Lennard-Jones forces as well as electro-
static repulsion that depends on both the size and position of
the nanoparticles, with a different dielectric constant used for
buried sites inside the supraparticle and free solvent. The
effective reduced temperature T* used was between 0.2 and
0.7 for the B3 nm-diameter nanoparticles.13 The very steep and
deep cohesive energy profile we calculate in the present work

Fig. 2 (a) Interaction profile for 30 nm hexadecanethiol-coated nanoparticles,
showing interaction energies (eV per molecule) vs. gap width (nm). Error bars on
each point show the standard deviation over 100 molecular dynamics structures
(sampling every 20 ps over the final 2 ns of 10 ns room temperature dynamics).
The functional form of the Morse potential fit to the data in this plot and the
forms of the fits in all subsequent plots of energy vs. separation are given in
Table S1 (ESI†). Representative molecular dynamics structures, together with
time-averaged root mean square fluctuations (RMSF) for molecules are given in
the inset panels; Au atoms are shown as van der Waals’s spheres and alkanethiol
chains are shown as sticks, coloured blue and green to distinguish between
chains on each face, with hydrogen atoms omitted for clarity. (b) Radial distribu-
tion functions (RDF) for contacts between terminal methyl groups on opposing
particles. In this case the molecular dynamics structures show the chain structure
at the interface, with carbon and hydrogen atoms shown as light blue and white
spheres and one monolayer made partially transparent to distinguish between
layers. The blue, black and red curves show RDFs for interfaces constructed from
1.8, 2.3 and 2.8 nm gap separations as marked in panel (a), and the dashed
vertical line marks the target 0.264 nm H� � �H separation38 at the interface.
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for the interaction of 30 nm particles, corresponds to a much
lower T* on the order of kT/e = 0.001, where e is a characteristic
depth of the energy well; more details are in ESI,† Sections S1.2
and S2.3.

Results

We first describe the atomic resolution molecular dynamics
simulations of room temperature nanoparticle–nanoparticle
and nanoparticle–surface interactions and then present the more
coarse grained mesoscopic simulations of many-nanoparticle
aggregation and surface deposition.

Molecular dynamics of the interface between 30 nm-diameter
nanoparticles

Fig. 2a shows the computed interaction potential for 30 nm-
diameter nanoparticles. Interaction energies are the sum of the
van der Waals and electrostatic energies of the chain–chain
interactions in the complexes, expressed as energies per chain,
for ease of comparison of the current dataset with literature
values for different nanoparticle types, sizes and chain cover-
ages. The corresponding molecular structures show that the
curvature of the particles allows for close contacting of the
molecular coats on opposing particles, reducing the separation
to just 2.3 nm at the closest point of contact. Although the
chain coats on the 30 nm-diameter nanoparticles adopt ordered
SAM conformations as opposed to the splayed or dome-like28

structures found for smaller particles, the degree of cohesion
remains significant. The 2.3 nm gap width between particles is
sketched in the inset of Fig. 1c and is just over 1

2 the separation
calculated in control simulations of flat surfaces described
in ESI† (S2.1), highlighting the dramatic reduction in inter-
particle gap width due to increased attraction between curved
surfaces.43

The well depth for individual chain–chain interactions
(i.e., the interaction force per alkanethiol molecule) in Fig. 2a
is relatively shallow, with the time-averaged uncertainty in the
chain energies a significant proportion of the difference in
energies between datapoints. Such a shallow per-chain
potential may be expected for the low surface curvature of the
30 nm-diameter particles compared to smaller particles with
diameters in the range 1–10 nm.14,27 Smaller diameter nano-
particles have more curved surfaces, allowing more significant
interdigitation of chains at the particle–particle interface. The
potential in Fig. 2a plateaus for separations Z4.0 nm to a
baseline energy of �1.07(3) eV per chain, corresponding to
dissociated particles with B85% of the �1.24 eV chain stability
in the monolayer films on reference flat surfaces (Fig. S1a,
ESI†). The curvature of the 30 nm particle provides a
soft potential for chain–chain interactions, with penalties
of r0.01 eV nm�1, Fig. 2a for all but the step from 1.8 nm -

1.3 nm gap width (horizontal axis of Fig. 2a). This final
contraction of the inter-particle gap to just 1.3 nm is as
expected very unfavourable, with cramped chains giving repul-
sion penalties of +0.02 eV nm�1. Nevertheless, the repulsion
penalties are B6 times smaller than those obtained for the

interaction between reference flat surfaces (Fig. S1a, ESI†), as
significant chain entanglement occurs between nanoparticle
faces even with nanoparticles as large as 30 nm.

The radial distribution function (RDF) plots in Fig. 2b map
out the interactions between terminal methyl groups on opposing
particles. The plots show that the computed optimum separa-
tion of 2.3 nm (black curve) gives a large population of nearest
neighbour contacts centered around the most favourable H� � �H
separation of 2.64 Å.38 By contrast, the 0.5 nm closer separation
to 1.8 nm (blue curve) gives a large population of repulsive
hydrogen overlaps. Although there are more 2.64 Å contacts at
the 1.8 nm separation, the presence of a high population of
additional repulsive hydrogen contacts make the 2.3 nm gap
separation more energetically favourable. The 0.5 nm further
separation to 2.8 nm (red curve) is also unfavourable as this
extra separation reduces the population of favourable van der
Waals contacts. Root mean square fluctuation (RMSF) values in
Fig. 2a show that, at the largest separation of 4.5 nm, the chain
flexibilities for the 30 nm nanoparticle are only slightly
larger than for the reference flat surface, 0.08 nm vs. 0.06 nm
(Fig. S1, ESI†).

Fig. 3a shows the conformational space sampled by repre-
sentative chains over the final 2 ns of dynamics for the closest
1.3 nm, optimum 2.3 nm and dissociated 4.5 nm separations in
Fig. 2a, illustrating how increasing the inter-particle separation
makes the chains become slightly more flexible. As their
conformational freedom increases, the molecules vibrate with
increasing amplitude around a mean position, as RMSF values
increase from 0.6 to 0.8 Å. Fig. 3b highlights the position of the
terminal methyl carbons on one of the particles in the final
structures generated following 10 ns of dynamics. The struc-
tures show the transition from, at the most unfavourable
1.3 nm separation (Fig. 2a), a large central defect region
surrounded by an ordered periphery (Fig. 3b), through to the
smaller defect central patch surrounded by the large area of
highly ordered chains at the optimum separation of 2.3 nm,
and finally the most ordered arrangement on the surface of the
dissociated particle at 4.5 nm inter-particle gap separation.
Fig. 3c overlays the terminal carbons of the second particle,
which are coloured from red to white to blue in each structure
as the distance between the particles increases. This overlay
shows how a small amount of interdigitation at the centre
of the particle–particle interface enhances the overall three-
dimensional ordering in the complexes. Although the chain
dihedral angles and tilt angles in Fig. 3b show that the
alkanethiol coats on the 30 nm particles form SAMs very similar
to those on flat Au(111) substrates, Fig. 3c shows the major
difference due to curvature. The vertical chain interdigitation
(over a small portion of the overall particle surface area, as
sketched in Fig. 1) stabilises the optimum 2.3 nm separation,
with the inset panel in the center of Fig. 3c showing a zoom-in
on the interdigitated chain structure that stabilises the opti-
mum 2.3 nm separation. As shown in the inset plot of gauche
defect populations in Fig. 3b, the population of bent chains44

decreases significantly as the inter-particle gap width is relaxed
from 1.3 nm to 2.3 nm, giving more ordered monolayers.
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‘‘First C’’ for the gauche populations is carbon number n in the
(n, n� 1, n� 2, n� 3) chain segment that defines the measured
dihedral angle. The total percent of gauche defects over the
terminal 8 carbons, i.e., from the terminal methyl carbon, C16,
down to mid-chain C8 (Fig. 1b), is reduced from 12% to 8% on
relieving bad contacts (Fig. 2b), with the defect population at
the 4.5 nm separation decreasing to 1%, the same as that
calculated for SAMs on flat Au(111).36,45 The inset distribution
of chain tilt angles at the 4.5 nm separation show a value of
311 � 41, indicating that SAMs on the non-contacted 30 nm
particles adopt B301 angles similar to SAMs on Au(111),34,36,45

in agreement with the computed decrease of tilt angles to
near-301 as nanoparticle size is increased.15

Molecular dynamics of nanoparticle–surface interactions

A second set of atomistic molecular dynamics simulations
measured the interaction between a 30 nm nanoparticle and
an alkanethiol-coated flat gold surface. Fig. 4a shows the
computed interaction potential, with the most stable time-
averaged chain energy of �1.14(3) eV occurring at a separation
of 2.8 nm. The corresponding molecular structures show that
optimised van der Waals contacts promote the formation of the

Fig. 3 (a) Carbon atom time histories for selected molecule chains at the closest 1.3 nm, optimum 2.3 nm and furthest 4.5 nm inter-particle gap separations, for
100 equally-spaced structures over the final 2 ns of dynamics. (b) Terminal methyl packing in the corresponding molecular dynamics structures, with the second
nanoparticle removed for clarity. Inset panels are described in the text and show (left) computed chain gauche defect populations for the 1.3 and 2.3 nm separations,
and (right) chain tilt angles for the 4.5 nm separation. (c) Inter-particle methyl packing, with carbon atoms in the second particle coloured red to white to blue
radiating outwards from the center. The inset of the middle panel shows a zoom-in on the central interdigitated chain structure that helps stabilise the optimum
2.3 nm particle–particle gap width.
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complex at 2.8 nm, intermediate between the large gap separa-
tion of 4.0 nm for two flat surfaces (Fig. S1a, ESI†) and 2.3 nm
found for the interaction between the 30 nm particles (Fig. 2a).

For ease of comparison, all the interaction potential data are
plotted simultaneously in Fig. 4b (including also the two
reference systems described in ESI,† Section S2). The inter-
action potential for the 30 nm particle with the coated surface

is much sharper, and deeper,43 than that obtained for the
30 nm particles in Fig. 2a, due to the larger number of contacts
formed with the SAM on flat Au(111).

The penalty of 0.12 eV nm�1 in chain–chain interactions for
shifting to the smaller gap of 2.3 nm reflects the cost of
breaking the chain packing on the coated surface. This repul-
sion penalty, though significant, is approximately 1

2 the
0.22 eV nm�1 penalty when both surfaces are flat (comparing
the purple and red curves in Fig. 4b; see also Fig. S1a and S4,
ESI†), reflecting the greater conformational freedom of the
molecules when bound to the 30 nm particle surface, which
allows for formation of the closer particle–surface contact
(purple curve in Fig. 4b).

Finally, the particle–particle (blue curve in Fig. 4b) and
particle-coated surface (purple curve) potentials go to similar,
but not equal, asymptotic values at large separations. This is
due to the curvature, and hence less ordered SAMs, of the
30 nm surface.

Bulk and near-surface supraparticle assembly

We now present supraparticle structures calculated using the
atom-parameterised mesoscopic model described in Methods.
Briefly, to model many-nanoparticle aggregation into supra-
particles, the atomistic potentials were mapped onto a more
coarse grained, modified Lennard-Jones potential for particle–
particle interactions.46,47 The coarse grained Brownian
dynamics simulations confirm that very strongly bound assem-
blies are formed when alkanethiol-covered 30 nm nanoparticles
aggregate under certain conditions, e.g., in the presence of a
solvent that does not significantly impede chain–chain inter-
actions. The simulations show that the assembled supraparticles
can form extended, porous assemblies on surfaces.

In the first instance, we probe deposition on a flat surface.
The surface is a meso scale representation of the coated surface
given in atomic detail in Fig. 4a, with a uniform coating of
molecules, and we model the surface wetting by the 30 nm
nanoparticles using the coarse grained model in which a
sphere represents the nanoparticle and the solvent is implicit
(details are in ESI,† Section S1.2). In addition to the attractive
wall, we also consider situations in which the interaction with
the surface is repulsive.

Fig. 5 illustrates the difference between the structures
obtained in the vicinity of the attractive and repulsive walls,
from models containing 277 nanoparticles in a box of 500 nm
edge length (see Methods for details). The first half of the
surface (x = 0–250 nm) is repulsive and the second half is
attractive. Fig. 5a shows the arrangements of the particles in the
horizontal x–y plane. The arrangements at the attractive and
repulsive regions appear similar when viewed from above.
However, there is a noticeable difference in the vertical arrange-
ments (Fig. 5b). Above the attractive surface the gap separations
are around sA = 2.8 nm and their variations are sub-Angstrom,
providing a (moderately dense) monolayer coverage. On the other
hand, above the repulsive region, the particles hover at a higher
elevation, at sR = 4.2 nm and the standard deviation is 0.21 nm.
The larger scatter above the repulsive region is due to the lack of a

Fig. 4 (a) Interaction profile for a 30 nm coated nanoparticle interacting with a
coated surface. See Fig. 2 legend for more details. (b) All interaction potential
data plotted together; coated surface–coated surface (Fig. S1a, ESI†), nanopar-
ticle–nanoparticle (Fig. 2a), coated surface–bare surface (Fig. S3a, ESI†) and
nanoparticle–coated surface (Fig. 4a). The interface structures that give these
different strength potentials are sketched in ESI,† Fig. S4 and discussed in more
detail on pages S10–15.
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minimum in the repulsion potential (details are in ESI,† S1.2) and
hence larger role of even tiny kBT thermal fluctuations.

When the aggregation of a larger number of particles is con-
sidered, multi-layer films are formed. Such layering is shown in
Fig. 6a for 5954 nanoparticles aggregating at an attractive surface,

with the cell length increased to 1.5 mm. A cross-section of
width 210 nm (in the y-direction) is shown in Fig. 6b. Packing
between nanoparticles remains loose even in these higher
concentration systems, and so porous 3-D structures are
formed. The volume fraction is about 0.23 when measured
below the average elevation of the top surface of the film shown
in Fig. 6b; the porosity is then about 0.77. The reason for
the high porosity is that the particles get glued together
on encounter due to the very high inter-particle binding
strengths (summing the per-chain interaction strengths to
estimate per-particle strengths is described in Discussion)
and are hence frozen at their ‘‘landing’’ sites on the growing
multi-nanoparticle cluster. In terms of Brownian dynamics, the
corresponding low effective temperature regime offers very
little sideways diffusion and no reorganisation. The supra-
particle surface roughness is discussed in more detail in ESI,†
Section S3.

In order to better understand the origin of the large porosity
in the films, we consider a system that allows for a geometric
control of the growth process. Specifically, we model an aggre-
gation process in which the attractive wall hosts sedimentation
from two localised sources. Each source emits nanoparticles
downwards with the Gaussian density of width a within a
horizontal plane. The centers of the two sources are separated
by S. The sedimented structures obtained for N = 500 are shown
in ESI,† Fig. S7. For large values of separation S the process
results in formation of separate columns that are rough on the
sides. The lateral roughness increases with column width a.
When S decreases and/or a increases, the two columns begin to
coalesce. The coalescence process is illustrated in Fig. 7, and
shows that the columns grow together but again in irregular,
kinetically trapped, geometries with a large void fraction. More
fluid-like, partially healed assemblies are obtained at elevated
temperatures (weakened interaction potentials) as shown in
Fig. S5 (ESI†).

The coarse grained wall model we used above corresponds
to a smooth surface. In experiments, the surface will have an
atomic level corrugation and roughness that will introduce
sideways static friction. This atomic level roughness is in

Fig. 6 (a) Effect of sedimentation of 5954 nanoparticles on the attractive
surface in the box of length l = 1500 nm. The shades indicate the magnitude
of the elevation. (b) A slice of width 210 nm of the system shown in panel (a).

Fig. 7 A close-up view of an imminent coalescence of two separate columns of
particles, for column separation of approximately 150 nm and column width of
approximately 46.5 nm (Fig. S7, ESI†).

Fig. 5 (a) The monolayer of 277 nanoparticles deposited on a surface which is
repulsive in one region (x o 250 nm) and attractive in another (x > 250 nm). The
locations of the particles are shown in the horizontal x–y plane. The darker circles
correspond to particles above the repulsive region. (b) The gap separation of the
nanoparticles above the surface.
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addition to micro/macro scale roughness, beyond the scope of
the present simulations. In the case of the repulsive wall, the
nanoparticles are further away (Fig. 5b) and thus less sensitive
to the atomic scale topology, which can be modelled as lack of
static friction. The repulsive wall can be realised experimentally
by introducing a hydrophilic patch on the surface instead of the
hydrophobic alkanethiol layer, for example, by replacing
methyl terminal groups with alcohols.28

Fig. 8 illustrates growth at a wall (that is shaped like a
trapezoid along the x-direction), with two inclined planes, one
repulsive and one attractive. The incline angle is chosen to be
steep, at 681. The first half of the wall (in the x direction,
including the first half of the elevated top surface) is repulsive
and the other half of the surface is attractive. The nanoparticles
coalesce at the foot of the repulsive incline (top lefthand panel
of Fig. 8). The attractive incline on the other hand, shown in the
top right panel of Fig. 8, strongly binds the particles and
initializes columnar growth similar to that described above.
Interestingly, the presence of the steep ‘‘hill’’ between the
attractive and repulsive regions results in the formation of
overhanging structures at the top of the trapezoid, as empha-
sised in the bottom panel of Fig. 8. Such ‘‘overhangs’’ will
contribute to the porosity of the supraparticle and may provide
a means of forming large pores near the substrate, as well as at
the top surface of the deposited structure. Although practical
applications of nanostructures in medical devices require
clever means of controlling phase transfer and bio-interactions,48

one possible application of such porous surface coatings could be
to encapsulate drugs and other active agents on the surface of
stents and pacemakers for slow release in the body.

Discussion

In this section the combined multi-scale simulation results are
discussed in relation to the state of the art in self-organizing
nanocrystal design and synthesis for electronics3–11 and health.48,49

Estimated upper limits on the interaction forces between
30 nm-diameter particles

The higher position of the potential well minimum, �1.08 eV
per chain for the 30 nm particles in Fig. 2b vs. �1.37 eV per
chain for the reference flat surfaces in Fig. S1b (ESI†), origi-
nates from the contact geometries between molecular coats on
opposing particles. Contacts between the 30 nm particles
involve a small area of interdigitated chains near the center
of the particle–particle interaction region and then gradually
weakening van der Waals contacts between more distant chains
(radiating outwards from the centre of the particle–particle
closest contact), as shown in the molecular structures in
Fig. 2 and 3 and sketched in Fig. S4 (ESI†). This ‘‘zoning’’ in
the complexes dictates the interaction strength, and involves a
balance between the strongly bound central zone and the more
dissociated peripheral regions. The interaction potential
between individual chains on associating particles is thus very
weak for the pair of 30 nm particles with only a small pre-
ference for particular inter-particle gap separations within the
range of approximately 1.8 nm to 3.5 nm. The time-averaged
well depth (Fig. 2a) of approximately 9 meV per chain for
optimum (2.3 nm) vs. dissociated (4.0 nm) separations in
the pair interaction potential corresponds to average chain
energies below room temperature thermal energies kBT B 26 meV
where kB is Boltzmann’s constant and T is the absolute
temperature. However, summing over the 900 chains on each
nanoparticle segment (Fig. 1) gives a significant time-averaged
benefit of B8 eV per particle for pairing.

The potential may be considered additive within the limit of
the accessible surface area of the particles and so formation of
particle–particle interfaces will drive the assembly of supra-
particles. In a 3-D hexagonally packed nanoparticle array
(stacking the 2-D array sketched in the inset panel of Fig. 1c)
each buried 12-coordinated particle can thus obtain huge
particle stabilisation energies of B97 eV per particle. This
estimate then provides an upper bound of the maximum
obtainable cohesive force available for packing large 30 nm-
diameter particles; in solution-phase experiments solvent mole-
cules will buffer the aggregation of the alkanethiol-coated
particles.27 The interdigitated chains in the inset panel in the
center of Fig. 3c have inter-particle chain binding energies at
least 10 times larger than those of the more distant chains,
confirming that local intertwining of chains on opposing nano-
particle faces can drive aggregation in the presence of a solvent
that does not significantly impede chain–chain interactions.

The most shallow well depth from Fig. 2a corresponds to the
difference between the upper bound for the energy at 2.3 nm
and the lower bound for the energy at 4.5 nm, �3 meV per
chain. This well depth gives a lower limit for the packing energy
of B32 eV per particle in a buried 12-coordinated site in the

Fig. 8 A system with 242 nanoparticles in a box of length 500 nm. The height of
the trapezoid is 250 nm, the top wall is 100 nm wide and the incline is at an angle
of 681. Half of the trapezoid surface is made repulsive, the other is made
attractive. The top-left panel shows supraparticle growth on the repulsive incline.
The attractive incline, shown in the top-right panel, leads to columnar growth akin
to that shown in Fig. 7. The bottom panel presents a side view (along the x-axis) of
the trapezoidal step, showing formation of an ‘‘overhang’’ in the structure.
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hexagonally-packed array of nanoparticles (�0.003 � 900 � 12),
equivalent to the summed binding energy of eighteen �1.7 eV
Au–S chemical bonds.50 The net stabilisation remains signifi-
cant for nanoparticles with sub-12 coordination numbers, with
�2.7 eV (�0.003 � 900) obtained per coordinating nanoparticle.
This large stabilisation obtained from alkyl chain contacting is
exploited experimentally as an ordering element for the self-
assembly of large-area multi-particle networks,3,4,51–61 as yet using
generally smaller-sized sub-10 nm particles. Finally, for the
corresponding 2-D gold particle arrays that provide long-range
charge conduits for nanoelectronics,20 the driving force for physi-
cal aggregation of alkyl-coated 30 nm particles (as yet untested
experimentally) will remain strong. We predict that, under ideal
conditions with minimal solvent buffering, the packing energy
(prior to ligand exchange and covalent interlinking20) will be at
least 16 eV per particle for arrays of 6-coordinated particles
(sketched in the 2D projection in Fig. 1c).

Qualitative comparison with computed interaction forces and
aggregation mechanisms found for smaller nanoparticles

The computed interaction potential shapes and well depths
(Fig. 4b) are qualitatively consistent with earlier studies of
smaller coated particles14,27,33 as well as coated flat surfaces,33

some of which were performed using different methods includ-
ing potential of mean force calculations in the presence of
solvent. Converting the interaction potential calculated for the
30 nm particles into units of kBT gives an extremely steep
potential well depth on the order of �620kBT for pairwise
interactions, with previous models giving values of approxi-
mately �120kBT and �180kBT for much smaller 1.8 nm and
2.7 nm particles coated with 58 and 136 dodecanethiol mole-
cules respectively, with interaction seen to increase with both
particle size and chain length.27 Extrapolating well depths for
hexadecanethiol-coated (Fig. 1b) particles from the chain
length dependences given in ref. 27 gives estimated values of
�170kBT and �240kBT for the 1.8 nm and 2.7 nm particles.
Then using a log fit for the dependence of the interaction
strength on surface chain coverage, we may estimate a well
depth of �410kBT for the present hexadecanethiol-coated
30 nm particles using the data in ref. 27. Although this method
of extrapolation is extremely basic and may not be expected to
yield reliable quantitative measures of radii-dependent inter-
action forces, the estimate of �410kBT indicates a very strong
interaction. We note that this estimated value is qualitatively
similar to (approximately two-thirds as large as) the time-
averaged value of �620kBT we calculate directly from the
present simulations. The extrapolated value of �410kBT falls
within the large time-averaged uncertainty in our data (with a
minimum interaction potential of �210kBT estimated from the
error bars in Fig. 2a). More generally, the same trends of steeper
repulsion penalties for larger particles, deeper attraction wells
and narrower-shaped potentials (Fig. 4b) were seen in the
previous study of small sub-5 nm particles.27

Overall then, we can propose that aggregation of large
30 nm-diameter nanoparticles involves very large inter-particle
cohesive forces due to the large number of chains at each

particle–particle interface. The very strongly welded multi-
particle clusters found in the atom-parameterised Brownian
dynamics simulations support this hypothesis. On the other
hand, the more shallow interaction potential for smaller nano-
particles14,27 allows for assemblies that can self-heal not only at
the atomic scale of chain–chain interactions but also at the
scale of the full particle–particle interaction. This particle-level
correction is not available for the 30 nm particles under room
temperature vacuum conditions, as discussed in more detail on
pages S10–15. Although the atomic scale chain–chain inter-
actions remain fluid, the 30 nm nanoparticle position is
trapped at its ‘‘landing site’’ on the supraparticle due to the
very large cumulative cohesive force between the particle faces.

A very recent combined experiment–simulation study13 showed
formation of surprisingly low-polydispersity supraparticle spheres
from the assembly of B3 nm nanoparticles, that may be inter-
mediate between smaller particles that give fluid-type, less ordered
assemblies and larger particles (such as the 30 nm particles
modelled in the present study) that give ‘‘welded’’ aggregates.
Such welded supraparticles may be kinetically trapped in irregular
geometries, with the very strongly coupled particle–particle inter-
faces preventing the rolling of individual particles to more stable
sites and so blocking access to the most thermodynamically stable
configurations that would produce more densely packed, more
regularly shaped assemblies. The different assembly regimes are
sketched in Fig. S4 (ESI†) and control Brownian dynamics simula-
tions (Fig. S5, ESI†) indicate that a more fluid-like assembly is
obtained for the large 30 nm nanoparticles at higher temperatures
(weaker interaction strengths).

Conclusions

The present study provides further details on the atomic scale
mechanism underlying the physical aggregation of inorganic
nanoparticles coated with hydrophobic alkyl films, and the
derived interaction potentials are mapped onto a more coarse
grained potential to describe the meso scale self-organisation of
the coated nanoparticles into supraparticles. The computer
model confirms and extends the major features observed in the
earlier studies. The energy minimisation achieved by optimising
inter-chain contacts between coated nanoparticles drives the two-
and three-dimensional self-organisation of the nanoparticles into
supraparticle aggregates. The surface curvature of the component
nanoparticles, even the mild curvature associated with 30 nm-
diameter particle size, promotes strong contacting of chains
between particles, which softens the interaction potential.

Although the collective driving force for formation of particle–
particle interfaces is very high in vacuum and so the overall
shapes of the assembled supraparticles are determined by
kinetics, the softness of the local chain–chain potentials retains
self-healing at the molecular scale. The large 30 nm particles
thus exhibit an unusual mix of nanoscale thermodynamic and
mesoscale kinetic governance.

The results from this study further emphasize the importance
of individually-weak intermolecular forces between nanoparticles
and surfaces coated with alkanethiol molecules. Indeed, such forces
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play a significant role in any systems involving organic mole-
cules, often dominating the conformation of assemblies of
monolayers, bilayers and nanofibers.62–64 However, we note
that the energetic data reported in this work is based on simple
binding energies calculated from interaction potential energies
over a finite range of pre-defined interaction distances in
vacuum. More detailed simulations will be used to calculate the
free energy (enthalpic and entropic effects) of the interactions by
computing the potential of mean force associated with the
binding process in various solvents. The conformations identi-
fied in the present work will provide the required starting
structures for these calculations together with an expected upper
limit on the cohesive strengths (and hence supraparticle porosity)
that may be obtained. Modelling of colloidal assemblies using
complementary approaches such as DLVO theory65–67 would also
be useful, particularly for applications which seek to replace the
hydrophobic alkyl coats with more polar molecules.

The main prediction from this modelling study is that large
30 nm particles can aggregate into kinetically-stable porous
supraparticles, under vacuum conditions and perhaps in solution
phase using solvents that aid rather than hamper contacts
between nanoparticles. We hope that the data will contribute
towards the atomic scale engineering of coated nanoparticles
with highly-controllable size, shape and electronic properties68

that can be exploited for the creation of ordered meso and macro
scale three-dimensional architectures. Deeper understanding of
the atomic scale features of the interfaces, and the corresponding
meso scale pattern formation,69 will aid efforts to design novel
macroscopic functional architectures70–73 with physicochemical
properties tailored for specific device applications, that exploit
the coordinative ability (and perhaps pore-building properties) of
the individual nanoparticle building blocks.
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