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Abstract

The influence of directing agents in the self-assembly of molecular wires to produce two-
dimensional electronic nanoarchitectures is studied here using a Monte Carlo approach to
simulate the effect of arbitrarily locating nodal points on a surface, from which the growth of
self-assembled molecular wires can be nucleated. This is compared to experimental results
reported for the self-assembly of molecular wires when 1,4-phenylenediisocyanide (PDI) is
adsorbed on Au(111). The latter results in the formation of (Au-PDI), organometallic chains,
which were shown to be conductive when linked between gold nanoparticles on an insulating
substrate. The present study analyzes, by means of stochastic methods, the influence of
variables that affect the growth and design of self-assembled conductive nano-architectures,
such as the distance between nodes, coverage of the monomeric units that leads to the
formation of the desired architectures and the interaction between the monomeric units. This
work proposes an approach and sets the stage for the production of complex 2D
nanoarchitectures using a bottom-up strategy but including the use of current state-of-the-art

top-down technology as an integral part of the self-assembly strategy.

*Corresponding author: jboscoboinik@bnl.gov (J.A. Boscoboinik)
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Introduction

Understanding how single molecules self-organize into conductive architectures at the sub-
nanometer scale is crucial for the development of new technologies using the long-overdue
“bottom-up” approach. Within the next few years, the limit in the size of objects that can be
manipulated (or etched) in a reliable and industrially viable manner will be reached and
completely new ways of approaching the fabrication will be required. * This has already been
anticipated by Feynman’s famous lecture “There is Plenty of Room at the Bottom”,” when he
proposed the idea of constructing electronic circuits by assembling atoms; a so-called “bottom-
up” rather than the traditional “top-down” approach. This notion became more concrete with
Aviram and Ratner’s suggestions for molecular architectures that were proposed to act as
diodes.? Subsequently, a large amount of work has been carried out to measure the electron-
transport properties of individual molecules, for example using break junctions or scanning-
probe microscopy tips *>, providing a better understanding of the charge-transport behavior at

the single molecule level.

Naturally, the next natural step is the preparation of these nanoarchitectures. Strategies
involving self-assembled monolayers have shown very promising results, such as in the case of
Self-Assembled Monolayer Field-Effect Transistors (SAMFETSs). ® However, the more spatially
efficient controlled formation of conductive nanoarchitectures within a single monolayer is a
much more challenging problem. While scanning probe techniques such as scanning tunneling
microscopy (STM) have shown elegantly how the manipulation of individual atoms and
molecules is in principle possible, these methods are mostly of academic interest,”® and their
translation into industrially relevant processes for mass production of nano-electronic devices is
guestionable and unlikely to be capable of efficiently assembling the large number of devices

required to fabricate realistic circuits.

An alternative method is explored here, inspired mostly by complex nanoarchitectures found in
nature. This consists of creating devices at the nanoscale by allowing the building blocks to self-
organize into the desired structures by tuning the environmental conditions onan already pre-

patterned substrate. Establishing how such a targeted self-assembly can be achieved to form a
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specific desired structure is not trivial and requires a detailed understanding of the self-
assembly process and, in turn, of the interactions between all the species involved. The nature
of these interactions has been explored in innumerable studies of the self-assembly and self-

organization processes. %2

In terms of conductive self-assembled structures, it has been shown that bifunctional molecules
with ligands that bind strongly to gold, such as isocyanides and thiols, can spontaneously
oligomerize on gold surfaces ** and are also capable of forming conductive bridges between
gold nanoelectrodes on an insulating mica substrate. '* The structure of organometallic wires
made from 1,4-phenylenediisocyanide (PDI) and Au adatoms consisting of (-Au-PDI-), chains
was previously imaged by STM down to the atomic scale, where it could be seen that the

113 This type of self-assembly

distance between individual monomeric (Au-PDI-) units is 1.1 nm.
chemistry offers the possibility of interconnecting between gold nanoelectrodes. Furthermore,
based on an analysis of the self-assembly mechanism,® it was suggested that dipolar analogs of
these molecules could be aligned by the imposition of an external electric field between

nanoelectrodes.

An interesting twist in the approach proposed here to the self-assembly of circuits is to make
use of current top-down nanofabrication techniques, which allow the preparation of features
with sizes in the order of 10 nm, to produce judiciously tuned nanoelectrodes. These will act as
guiding and anchoring points for the directed self-organization of interconnections between

them, leading to fabricating devices with complex electronic and structural functions.

In the work described here, and based on the linear self-assembly mechanism discussed above,
a simplified model is explored using Monte Carlo simulations and the lattice gas model in order
to examine the outcome structures as a function of various parameters that influence the
evolution of the nano-architecture. These parameters are, (a) the interaction energy “w”
between the entities involved in the process, (b) the coverage 0 of monomeric units, i.e.: the
“building blocks”, (c) distance “m” between nucleation sites, (d) temperature and (e) time

elapsed from the deposition of the precursor molecules on the surface. Understanding the

influence of these parameters in the resulting structure will aid the future design of nano-

ACS Paragon Plus Environment

Page 4 of 23



Page 5 of 23 Chemistry of Materials

architectures produced by directed self-assembly. Note that we have chosen to use the
stochastic approach provided by Monte Carlo simulations to address the self-assembly, to

mimic the way nature carries out this process.

©CoO~NOUTA,WNPE

10 Theoretical Model

13 The model proposed here is inspired by the experimental system of (PDI-Au), on Au(111).
15 However, while we aim to capture some of the fundamental features of the experimental
17 system, the main purpose of this work is to set the stage for the methodologies to address the
19 process of directed self-assembly in general. In order to do so in a simple and clear way we
21 have imposed restrictions to the model that, to some extent, differ from the experimental
system. Nevertheless, as will be shown from the results, many of the features arising from the

simulation do indeed reflect those seen experimentally.
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Figure 1: Schematic diagram of a 40 x 40 triangular lattice with periodic boundary conditions for a
coverage 0 = 0.12. A typical elementary circuit unit UCEis shown. The blue, green and yellow circles represent
monomeric units aligned along the three lattice directions, as shown by the arrows. The gray circles are the empty

sites in the lattice and the red circles represent the fixed particles taking the role of nucleation sites.

We use a lattice gas model, where the surface is represented by an array of N = L x L sites in a
triangular lattice arrangement (see Figure 1), analogous to the arrangement of surface atoms
on Au(111), where L is the linear size of the array. Periodic boundary conditions are imposed to
represent an infinitely large system. Each site can be occupied by a monomeric unit of the
molecular wire, where the monomeric unit is also given a value of an alignment parameter
corresponding to one of the three surface directions, analogous to the (Au-PDI) monomeric
unit. Note here the first difference between the simplified model and the experimental system.
In the model, each monomeric unit occupies a single site in the triangular lattice while in the
experimental case each (Au-PDI) unit extends linearly thus occupying four unit cells of the
Au(111) surface. 3 The lattice direction of the monomers in the model is manifested by
attractive interaction energies in one of the three lattice directions, as given by the alignment
parameter. The direction of the interaction energy is shown by a double arrow in the
representation of the monomeric units in Figure 1. As will be seen later, under certain
circumstances, this linear interaction can induce the self-alignment of the monomers into
chains on the surface, similar to the experiment case, when the interaction energies are similar
to those in the experimental system. It was seen for the (Au-PDI) system that low coordination
sites, such as step edges, dislocations, kinks or island edges on the surface can act as nucleation
sites from which the molecular wires grow. It was already suggested in the first experimental
report of this system that this fact could be exploited by patterning the surface with defects
(low-coordination sites) to act as nodal points for the self-assembly of nano-architectures.’®
While there is not yet direct experimental evidence of this, a recent conductivity study of a
mica surface covered by gold nanoparticles shows that the latter are electrically linked upon
adsorption of PDI by inducing the formation of (Au-PDI), wires linking them.** We further
elaborate here on this idea by arbitrarily postulating an initial structure of the particles locked
in place on the triangular lattice that play the role of nucleation sites and interact with the

5
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mobile monomeric units in any of the three lattice directions, analogous to what was observed
for gold islands on the Au(111) surface. Figure 2 shows an example of the experimental case
obtained in our laboratory, imaged by scanning tunneling microscopy, in which gold islands
connected by molecular wires are seen in

the image.

In the following, fixed, low-coordination
growth nucleation sites will be referred
to as “nodes” or “nodal points”. As will
be seen later, the nodes have a

remarkable influence on the resulting

self-assembled structures. In our model Iy
Figure 2. STM image of (Au-PDI) wires on Au(111). Nodal

points where the (Au-PDI), wires originate from are

the interaction of nodal points with Au-
PDI" monomers is considered to be emphasized by red circles. Imaging conditions: |, = 206
attractive and to occur only in the PA V,=-2V.

direction of the axis determined by alignment parameter of the monomer, (see Figure 1). Then,
the adsorbed phase, in the canonical ensemble (at a fixed coverage), is characterized by the

following Hamiltonian:

(Lj
- WZ[IHt{lFU ' g]l(l - C]')Ci} + 1nt{|Fll ' gll(l - Ci)Cj}] (1)
(Lj)
Here, the sums are over pairs (i, j) of nearest-neighbor (NN) sites; the occupation of one
site by the Au-PDI monomer is described by the vector s; = {0, X, }, which takes the value “0” if
the site is empty, and Xy it is it occupied, giving as well the orientation of the monomer in one

wn,

with site “j”; the node

axn
|

of the “k” directions of the lattice; Fi]- is the vector connecting site
occupation variable is given by, ¢; = 0,1, where c; takes the value “0” when the site does not

have a nodal point ; w represents the lateral interaction between two adsorbed monomers
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located in two NN sites or the lateral interaction between a monomer and a NN node. In this
model the interaction between nodes is not considered, since they form a regular array and are
far apart from each other. A study with a more general model including this and other
interaction terms is in progress. Thus, the first term on the right-hand side of eq.(1) represents
the contribution to the Hamiltonian corresponding to particles located at sites iand j, which
are nearest neighbors; sites may or may not be occupied by monomers which have orientations
given by s; and §]-,' monomers contribute with energy w , if and only if both are oriented in the
direction of the vector connecting the two sites Fi]- or_’r]-i; the final contribution is 0 or 1, due to

the function “int”, which take the integer part of this factor. Finally, the factor (1 — ¢;)(1 — ¢;)

Ili” usn

avoids the presence of nodal points at both “i” and “j” sites.

The second term represents the contribution to the Hamiltonian due to a monomer located at
site j (i) and a nodal point located at site i (j). Note that, in the absence of nodes the model is
the well-known Rigid-Rod Model, which has been extensively studied by others. For more

details on the self-assembled rigid rod model, see ref. *” and references therein.

Monte Carlo Method

The thermodynamic properties of the present model have been investigated by means
of a standard-importance-sampling Monte Carlo method in the canonical ensemble. As
mentioned above, the simulation lattice is a triangular array of N = L x L sites with conventional
periodic boundary conditions. Thermodynamic equilibrium is obtained by following the
Kawasaki dynamic.® As an initial configuration, a fixed number of nodes can be located at
random or in a regular array (in what follows, only regular arrays can be considered); then, a
fixed number of adsorbed monomer units is distributed on the empty surface sites, to reach a
predefined coverage 0, defined as the ratio between the number of adsorbed monomers and
the total number of surface sites N). The location and orientation of the monomers are taken at
random. Then the system is allowed to reorganize itself based on the following rules. First, one
of two possible events, migration or rotation, are chosen at random. For a migration event, an
occupied site and an empty site are selected randomly, establishing its coordinates; they are

not necessarily NN sites. Then, the difference between the energies of the final and initial

7
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states, AE = E;- E;, is calculated; a random number € uniformly distributed in the interval (0 <€ <
1) is chosen, and compared with a probability P = min [1, exp (- B AE)] whereis B =1/ kg T (kgis
the Boltzmann constant); an exchange between the occupation of the sites is carried out if P >

¢, i.e.: if the probability P is larger than the random number §.

For monomer rotation, the rotational state of the selected monomer is changed following the
same procedure described above. A final rotation state is considered, and the energy of the
monomer is calculated. Finally the energy change between the initial and final rotated states is
computed. The new rotated state is accepted after considering the comparison between a

random number and the probability as described above.

A Monte Carlo step (MCs) is defined as N = L x L attempts to change the state of occupation and
rotation of a surface site. Typically, the equilibrium state is reached after 1 x 10° MCs, as will be
shown later. In order to simplify the comparison of interaction energies, we will assume a
temperature of 298 K. However, it should be noted that, given the AE/ksT term in the
probability equation, when discussing changes in energy, this would be equivalent to inverse
changes in temperature. Note that a dimensionless parameter could have been used instead to
make the model more general. In fact, this dimensionless parameter can still be obtained by
multiplying the stated energies throughout the manuscript by kz+298 K if a more general term is

needed.

Results and Discussion:

a. Building an Elementary Circuit Unit (ECU).

We start by defining a lattice of size 40 x 40 sites. To analyze the nano-scale self-
assembly of molecular wires directed by nodal points, we define an "elementary circuit unit"
(ECU) as a geometrical figure given by a regular arrangement of nodal points located at the
vertices of such figure, i.e. for a triangular lattice, it can be a triangle (or a square or rectangle
for a square lattice, etc.). That is an arbitrary definition, but it is necessary in order to derive the
equilibrium properties of the system determined by the location of the nodal points. For

example, a triangle in which the nodes are ten lattice units apart will be designated ECUo.
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Figure 1 shows an example of a 40 x 40 triangular lattice with ECU;gand monomers on the
surface aligned in the three different directions denoted by different colors and arrows. The
gray circles represent empty sites and the red circles are the fixed particles that act as

nucleation sites.

Let us define the assembly probability P, as the number of simulations that result in the
formation of an ECU divided by the total number of simulations for a given coverage. Here the
coverage 0 is defined as the total number of monomers plus nodal points divided by the total
number of lattice sites. In Figure 3, the assembly probability Po of the ECUy, is plotted as a
function of time (in MC steps) for various coverages using a lattice with dimension L =40. It can
be seen in this plot that the system has already reached equilibrium after 10° MCs. We have
included a plot in the supporting information (Fig. S1) including times up to 10’ MCs to show
that there is no significant change in the value of P, for t > 10° MCs. This time is substantially
less than was used to stabilize previously reported self-assembled rigid rod (SARR) phases,
which may be three orders of magnitude greater; see ref. '’ and references therein. In the case
described here however, the presence of nucleation sites contributes to reaching the
thermodynamic equilibrium state significantly faster. It is worth here paying close attention to
the effect of the coverage in the assembly probability. Po reaches a maximum in the range
0.142-0.299. For coverages lower and higher than this range the probability decreases. For the
cases above this range, P at equilibrium decreases in a smoother way and this decrease is likely
due to crowding effects and the fact that, at higher coverages, large domains with a single
monomer orientation will be formed hampering the formation of the ECU which requires the
three wires in different orientations to form the structure. For lower coverages there is sharp
change in behavior close to the minimum number of monomers necessary to form the
elementary circuit unit (6min = 0.017). These are the cases of coverage 0.026 and 0.029. The
reason for the sharp change close to the minimum number of monomers to make the ECU is
related to the fact that if the wire starts to grow from the nodal point in the wrong direction
(not towards the other nodes) then it is hard for the system to correct itself and detach

monomers to contribute toward the ECU at a fast enough rate. It is in fact more likely to form
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the ECU when there is a significant excess of monomers, note that a P, close to unity is
obtained only when the coverage is four times the minimum coverage. Note as well that for
coverages between 0., and 40, it takes longer to reach a thermodynamic equilibrium, as

seen in the cases of 0 = 0.026 and 0.029.

—u—0=0.017
1.0 — == ——p———p————p—= e B=0.026
—u—0=0.029
0.8- — T e —m—0=10.067
] 3

/. n—H= e " —u—0=0.111
— —m—0=0.142

m ='/ . w .
%1 7 —=—0=0.205
< % —=—0=0.299
A 04 b —=—0=0.393
e B - : —=—0=0.518
—=—0=0.612
02 @ [ —o—— T T T T —=—0=0.706
" O o " B u " " = —=—0=0.800

- u L = u u u o =
0.0 4 ] u [ u ] [ ] ™ ™ —e—0=0.893
. N I I l I l ' ' —e—0Q =
2.0x10" 4.0x10* 6.0x10* 8.0x10* 1.0x10° 0=0.956
t (MCs)

Fig. 3. Assembly probability (P,) of an ECUas a function of time (MCs) for a lattice of size L = 40, with a

“w, n

nodal distance “m” = 10 and an interaction “w” = 124 kJ/mol for various initial monomer coverages.

The equilibrium assembly probability as a function of coverage is shown in Fig. 4 for
different values of lateral interaction energies.. It can be seen that, for the stronger
interactions (124 kJ/mol and even for 24.79 kJ/mol), there is a range of coverages ( 6 = 0.1 to
0.2) for which the probability of assembling the ECU is 1. In the case shown here, for an ECU 4y,
the minimum number of monomers necessary to form an ECU is 8 = 0.017. However, Fig. 4a
shows that for this coverage, even if the number of monomers present is sufficient, the
probability of actually forming the structure is close to 0. For coverages larger than 6 = 0.2,
there is a linear decrease in the assembly probability reaching P, = 0 for 8 = 1. To aid in
visualizing the coverage effect on ECU formation, we have included snapshots of the surface as

a function of coverage in Figure 4b. The assembly probability drops significantly for lower

10
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interaction energies; however the plots show a similar shape with maxima always at 6 < 0.5.
This means that, as the interaction energy decreases (or the temperature increases) the
formation of self-assembled structures decreases due to the known reversibility of this process,
tending to the formation of an isotropic phase. *’

Some basic guiding principles can be obtained from the above discussion when aiming
at the self-assembly of an ECU: i) When the exact number of monomeric units to form the ECU
is present, the probability of actually assembling the ECU is virtually zero, ii) there is an
optimum range of coverages where the probability of assembling the ECU is maximum and iii)
the circuit is not formed at high coverages, most likely due to “crowding” effects.

It is worth emphasizing again at this point that the complexity of the real (PDI-Au),
system is not reflected in this simple model. However, the simulated assembly does agree with
the main features of the experimental work on the (PDI-Au)n system. For example, while in this
model monomers are allowed to jump to non-NN sites, it is likely that NN diffusion plays an
important role in the assembly. While it is intuitive to think that diffusion is the only possibility
in the experimental case, the experimental results at high coverages seem to indicate that this
is not necessarily the case. Note that experiments at high coverages do show well-ordered
domains (see figure 2 of ref.'®) similar to the ones found in the present work (high coverages in
figure 4b of this work). We do acknowledge that diffusion could lead to similar results (with a
much higher computational cost). Another difference is that in the experimental case
monomers are anisotropic occupying a line of four sites of the Au(111) lattice while in the
model they occupy just one site of the lattice. This simplification is compensated by the fact
that, in the model, the anisotropy is in fact present in sense that each monomer has a vector
variable defining the anisotropic interaction. Finally, while in the simulations we restrict the
growth of the wires to the three main lattice directions, there have been cases in the
experimental system in which some flexibility is observed in the wires, especially near step

edges.13

11
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(blue, green and yellow) represent the three different alignments that monomers have with the lattice. This also

helps visualizing the formation of the wires by color-coding the monomers that form them.

In order to analyze the influence of the size of the ECU on the assembly probability, the length
of the sides of the equilateral triangle and the number of building blocks to be self-assembled
into the circuit were modified. The simulated experiment was performed using w = 124 kJ/mol
and the time, t = 10° MCs, averaged over 1000 samples. The interaction energy was chosen to
be close to a previously reported value calculated using ab-initio methods, including van der
Waals interactions, for the formation of a link between two Au-PDI units starting from the non-
interacting upright orientation of the monomeric units, with one of the units being fixed to a

low coordination site, in that case a step edge.®

_ 6 .=0.14 w= 124 kJ/mol
. opt
1.0 5 :.=.:<'<._.\.\.\.\.

o\ 0\
o\.ﬂ

0.2 -

@ ®
o N
—o

%/ VR, e e

0.0+ ’

0.0 0.2 04 0.6 0.8 1.0

0

Fig. 5: The assembly probability of ECU,, as a function of the coverage, for different values of separation between

the nucleation sites, m = 5, 10, 15 and 20. Here L =40, t = 10° MCS and averaging over 1000 experiences, for an

interaction energy of 124 kJ/mol.
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In Figure 5, the assembly probabilities P, of the ECUs are plotted as a function of coverage for w
= 124 kJ/mol and for different separations between nucleation sites, m (m =5, 10, 15 and 20)
units of the ECU. Interestingly, while the region of maximum probability decreases as the
separation increases, the maximum of the curves corresponds to a common coverage, with a
value of By= 0.14 ML, which is the optimum coverage. This means that the assembly
probability of the ECU has the same 8, for a given system and interaction energy, regardless of
the separation distance between the nodal points. It is important to note that the region of
maximum probability becomes increasingly narrower as the separation distance increases. The
spacing between nucleation sites and coverage of monomeric units is then critical when
carrying out a "bottom up" synthesis of molecular self-assemblies, to obtain a given
architecture. This is due to the fact that the range of useful coverages decreases as the
separation increases. At a certain separation length, this is also accompanied by a decrease in
the probability of obtaining the desired architecture, as in the case of m = 20 in Fig. 5, where
the probability of assembly at 8, decreases to P, = 0.93. Careful analysis of the simulated
structures around the optimum coverage of 0.14 reveals that, at these coverages, the wires
that grow from the nodal points span across the whole lattice. This is the case for example of
the snapshot 0=0.142 in figure 4b. It becomes clear when doing the math, that this is actually
the coverage at which all the lattice sites aligned with the nodal points are covered by

monomers.

b. Circuit Assembly.

In this section, the assembly of a “circuit”, defined as a network of ECUs, will be discussed. Note
that the goal of the present work is to introduce the proposed methodology for a simple case
study making use of the previously defined ECU, without getting into more complex
architectures found in a conventional electronic circuit. The circuits to which we refer here are
simply controlled electrical connections between two sides of a surface, representing two
electrodes for example, making use of the self-assembly of molecular wires guided by
arrangement of nucleation sites (nodal points) on the surface. Despite its simplicity, it is of

great interest to analyze this process so we can define the fundamental concepts that will aid

14
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the design of complex self-assemblies in the future. For example, in recent work by Kestell and
coworkers, it was shown that (Au-PDIl), chains, which connect islands of gold atoms on a mica
substrate, are good electrical conductors. ** Furthermore, it was also shown that the (Au-PDI),
junctions can be switched off when they interact with certain molecules, such as CO, which has
important implications for different applications since the interconnecting of molecules can be
considered as molecular "switches" that respond to chemical changes in the environment, such
as the presence of a specific gas. These features are of particular interest from the practical

point of view, as these switches could be used as very sensitive gas detectors.

While in the previous section, the formation of the ECU,, was described as a function of the
monomer coverage 0, the interaction energy “w” and the nucleation site separation “m”, in this
section, we describe the formation of a circuit consisting of a network of triangles (ECU) on a
triangular lattice with periodic boundary conditions. The probability of the circuit assembly is
analyzed as a function of 0, aiming to find the optimum initial coverage required for circuit

assembly.

The probability of circuit assembly, Py, is defined in this case as the ratio between the number
of ECU’s present divided by the number of maximum possible ECU, for a lattice of size L = 160,
averaged over a large number of simulated experiments. Note that this definition for the circuit

assembly is slightly different than that given previously for the single ECU formation.

Another important concept in designing self-assembled circuits is their connectivity, defined by
its “percolation”. A network of ECU’s is said to percolate when there is a continuous conductive
path of ECU’s from one edge of the lattice to the opposite. It is very important to consider this
continuity, and not only the assembly probability P,, given the potential applications of these
concepts to molecular electronics. There are three different ways in which the triangular ECU’s
can be connected, (1) through their edges, (2) through their vertices and (3) both through edges
and vertices. For simplicity in the remainder of this analysis, we will focus on the case of
triangular ECU’s connected through their edges. To this end, ECU’s of different sizes and lattice
dimensions are analyzed. In Figure 5, it was shown that, for separations between nodes of up to

m= 20, the assembly probability approaches unity for the optimum monomer coverage, Oqpt =
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0.14. Note that the analysis is for an interaction energy w = 124 kl/mol, which is close to the

value calculated for the experimental system.'® 20

Larger interaction energies might allow
reliable ECU assembly while smaller interaction energies might require shorter separations
between nucleation sites. We will then focus on m = 20 and w = 124 kJ/mol for the remainder
of this study. Given the experimentally measured distance of ~1.1 nm between monomeric
units, m = 20 corresponds to a distance of ~22 nm between nodal points. It should be noted
that current e-beam nanolithography does allow surface patterning at this resolution so, in
principle, these features, the nucleation sites, could be patterned on the surface to guide the
self-assembly with currently existing technologies. Furthermore, the influence of the size of
the system has been analyzed (data not shown), finding that L = 160, is appropriate when
considering the computational time required to obtain consistent results. With these features,
a triangular lattice of L = 160 with periodic boundary conditions and 64 nodal points is
considered. The nodal points are located in such way that they form a network of ECU’s
superimposed on the triangular lattice. To analyze the dependence of P, in terms of coverage, a
Monte Carlo simulation was carried out in the canonical assembly (constant coverage), and the

kinetics of the process is described above. 1 x 10° MC steps were used for these simulations and

the reported P, value was obtained by averaging over 200 different samples.

Figure 6 shows the circuit assembly probability P, as a function of coverage. It can be seen that
the probability is almost zero for low coverages, but then rises sharply to a peak at a coverage
B¢, for which P4 (B¢) = 0.95, (for this system 8¢ = 0.143). For higher coverages, the curve decays
smoothly. To determine the condition for which the ECU circuit is connected throughout the
whole lattice, it is necessary to define the method by which they are connected. That will
depend on whether the connection between ECU’s is through vertices, edges, or both edges
and vertices. As mentioned above, to simplify the analysis, here we consider a network of
connections made through their edges. In this model, we can imagine a new lattice defined
such that the center point of each triangle is a point in the new lattice. This results in a
hexagonal lattice. See supporting figure S2 for schematics of a network of triangles connected
by the edges. The percolation threshold for a hexagonal lattice has been previously studied and

it can be exactly described by the following analytic equation: Tp = 1-2sin (it / 18) = 0.6527036.
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21 This value is indicated as the solid horizontal line in Figure 6. The intersection between the
probability curve and the percolation threshold determines a coverage range R where the
formation of a circuit that percolates through the lattice is possible and is bound by 8,,, and
Bmax. This reasoning can easily be extended to other ECUs and lattices with other connectivity,

following the same procedure.

1.0 -

0.8 -

Percolation Threshold

0.2

0.0

Fig. 6: Probability of circuit assembly P, as a function of coverage. R is the range of coverages for which the ECUs
form a percolated network. See figure 7 for snapshots of the surface at coverages below and above the percolation
threshold.

Figure 7 shows snapshots of the simulated surfaces at the points 1-5 in figure 6. Points 1-3 are
above the percolation threshold, and thus there is a path of ECU that connects the lattice from
one side to the other. Points 4 and 5, which are below the percolation threshold, do not have a
continuous path from side to side going through the ECUs, either due to the lack of monomeric

units as is the case for point 4 or due to an excess of monomeric units that hampers the
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formation of sufficient ECUs, as is the case for point 5. Higher-resolution versions of each panel
of figure 7 are included in the Supporting Information (see Figs. S3 to S7), where individual

monomers forming the structure can be distinguished.
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Fig. 7: Snapshots of simulations at points 1 though 5 emphasized in the plot in Fig. 6. Points 1-3 are above the
percolation threshold while point 4-5 are below the precolation threshold.

45 Conclusions

48 Simulated experiments on the self-assembly of molecular wires guided by the presence of
50 nucleation units fixed on the surface were carried out using Monte Carlo methods using the
lattice-gas model. This work is inspired by and compared to experimental data for the self-
assembly of Au-PDI units on Au(111) into long (Au-PDI), oligomeric metal-organic wires. The
55 experimental observation that nanowires are anchored to low-coordination sites such as

57 surface dislocations, elbows of the herring-bone reconstruction and edges of gold islands is
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represented in the simulations by postulating fixed nucleation units on a triangular lattice at
arbitrary locations and by defining attractive interactions with the mobile monomeric units. In
order to facilitate the quantitative measurement of the self-assembly process, three nucleation
sites at a distance “m” unit cells apart were located on the surface to form an equilateral
triangle and by defining an elementary circuit unit (ECU,,) that is formed when wires self-
assemble to connect these three nucleation sites. The probability of formation of the ECU,, was
then explored as a function of various parameters including the coverage of monomeric units,
the distance “m” between nucleation sites, the number of Monte Carlo steps, and the
interaction energies. It was concluded that, for interaction energies on the order of those
previously calculated for the experimental (Au-PDI), system (~120 kJ/mol), the ECU,, forms
readily at 298 K when “m” is small and the probability of ECU formation is optimum at a
coverage 0 = 0.135 ML. Interaction energies lower than 24 kJ/mol start to show a significant
decrease in the probability of ECU;o formation at 298 K, even at the optimum coverage of 0 =

0.135 ML.

Adding another step in complexity, the percolation of a network of ECUs through the lattice
was considered. It was found that combining the results from the simulations with the well-
known analytical expression for percolation thresholds, a range of coverages at which the
network percolates from one side to the opposite of the lattice can be defined. This has
important implications for the future design of guided self-assembled molecular electronics,
since it allows the determination of the optimum values for a variety of design factors, such as
the range of coverages of monomeric units that needs to be deposited on the surface to ensure

electrical continuity and temperature at which the self-assembly process should occur.
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