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Abstract

Thiophenes are m-conjugated organic molecules with applications in electronic devices. Alpha-
sexithiophene (o-6T) is a rod-like molecule consisting of six thiophene rings. Previous
experimental research has shown that vapor deposition of rod-like organic molecules onto
substrates at different temperatures yields films with a range of phases. These include smectic
liquid crystalline phases, which have been shown to promote anisotropic charge carrier mobility.
In this work, we use a course-grained model for o-6T, representing it as a chain of discotic
particles with fixed bond lengths and fixed bond angles. We perform Monte Carlo simulations of
multiple chains introduced at different rates in vacuum near two adsorbing surfaces. These
simulations are not chemically realistic, instead focusing on the general features of the physical
systems. The goal of this work is to simulate vapor deposition of materials on a substrate over a

range of temperatures and deposition rates and to investigate the resulting structures.
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1 Introduction

Liquid crystals are materials with properties of both liquids and crystalline solids. Molecules in a
liquid crystal exhibit liquid-like ordering as well as anisotropy in one or three dimensions [1].
Liquid crystals may exhibit a number of phases under different conditions. Illustrations of the
crystalline, nematic, and isotropic phases are shown in Figure 1.1. Nematic and layered smectic
phases are of particular interest, as their presence in materials have been shown to promote
anisotropic charge carrier mobility. [2] [3] [4] In the nematic phase, the axes of the molecules in
a liquid crystal align themselves with a particular direction. In this work, we will be focusing on

chain-like molecules that are stiff enough to behave like rods.

Figure 1.1 Left to right: Crystalline, nematic, and isotropic quUid crystalline phases for rod-like
molecules, image from Ref. [5].

In recent experiments, Gujral et al. [6] observed liquid crystalline phases in vapor deposited
layers of itraconazole, a rod-like organic molecule known to be a good glass former. In these
experiments, glassy layers were produced in samples of vapor deposited itraconazole with
structures that depend on substrate temperature. At low temperatures, itraconazole glasses were
found to exhibit amorphous material phases, while at higher temperatures smectic-like layering

was observed, as shown in Figure 1.2.

Thiophenes are ring-shaped organic semiconducting molecules with applications in low cost
electronic devices. When connected as a chain of six rings, these molecules become
o—sexithiophene (a-6T), shown in Figure 1.3. Simulations by Pizzirusso et al. [7] have shown

that this molecule exhibits crystalline, liquid crystalline, and nematic phases in bulk material. In
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Figure 1.2 Top: Itraconazole molecules deposited onto a substrate at 315 K, exhibiting smectic-
like layers. Bottom: Itraconazole deposited onto a substrate at 260K, exhibiting the amorphous
material phase. Image from Ref. [6].

Figure 1.3 A single chain of a-6T, with white, teal, and yellow spheres representing hydrogen,
carbon, and sulfur, respectively.

simulations by Garcia [5], surface behavior for single chains and monolayers of o-6T were
investigated over a range of temperatures. Figure 1.4 shows the nematic order parameter, S, as a
function of reduced temperature for simulations of a—6T molecules near a gold surface. At low
temperatures (Treg < 0.9), the molecules form a densely packed single layer. At high
temperatures, they spread out to a layer of low surface density. At low temperature, S = 1.0,
indicating orientational order of the chains in this region. As temperature is increased, S drops
sharply at Treq = 0.9, reaching a value of approximately 0.325 at Tyeq = 1.0. In this mid-
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Figure 1.4 Nematic order parameter, S, as a function of reduced temperature, here given by T*.
The figure shows simulation results of a-6T near a smooth surface, from Ref. [5].

temperature region, the molecules are no longer ordered. For high temperatures, Trq = 1.5, the

molecules are not expected to show any order.

In this work, we are primarily concerned with the behaviors of chains in sub-monolayer,
monolayer, and more-than-a-monolayer conformations, where a monolayer denotes a

conformation in which molecules fill the first layer above the surface.

Simulations in this work are performed using the Metropolis Monte Carlo method. In Monte
Carlo simulations of this type, a selection of moves is defined which are applied in random
fashion to the constituent elements of a model, altering the configuration of the system and
thereby its energy. The energies of the configurations before and after each move are compared,
and new configurations are accepted when they satisfy the Metropolis acceptance criterion

described in section 3.

In the following section, section 2, we introduce our model for a-6T molecules. This is followed
by a description of our simulation method in section 3. We present and discuss our results in

section 4 and provide a summary and conclusions in section 5.



2 Model

In this work, we use a coarse-grained representation of thiophene, choosing to represent each
ring as a discotic bead. The diameter and height of each bead are defined as o, = 6.3105 A and o
= 0.5 o, respectively. A factor of oy is a useful length scale in this work, with oy = o.. Each a-
6T molecule in this model is represented as a chain of six overlapping beads, with each bead
connected to its neighbors by bonds of fixed length, b, as measured from the center of each bead.
Neighboring beads have a fixed bond angle, &, as well. Each bead has an orientation vector, Q,
which is parallel to the shortest axis through the body of the bead and perpendicular to the bonds
connecting the bead to its neighbor. Figure 2.1 shows a coarse-grained representation of a single

molecule of o-6T.

Figure 2.1 A single molecule of a-6T in coarse-grained representation. The ellipsoids show the
discotic beads representing the rings of the molecule. The green arrow projected from the surface
of each bead shows the orientation vector for that bead. In this configuration, the orientation
vectors for neighboring beads have opposite directions. This is the configuration with the lowest
dihedral energy.

Each bead is allowed to rotate about the bond vectors in the chain, with corresponding changes
in configuration controlled by a dihedral potential [8]
7



Npead—1

Udihedral((pij) = Z Ud((Pi,i+1), (1)
n=1
with
5
Ua(ey) = Z cn (cos(@)™, (2)
n=1

where Npeag = 6 is the number of beads in a chain, and gj; is the angle between the orientation
vectors 0; and 0; of neighboring beads. The coefficients c, used in this work are given in Table 1.
When neighboring beads have opposing orientations, the dihedral potential between them is

minimized.

Table 1 Values of c, used in this work, from Ref. [5].

Ch Value

C1 3.571 kcal/mol
Cy -0.2819 kcal/mol
Cs -5.497 kcal/mol
Cs 0.7049 kcal/mol
Cs 2.349 kcal/mol

Beads in separate chains interact with one another through a Gay-Berne potential for ellipsoidal
molecules. This potential is given as a function of orientation vectors 0; and 0; of the interacting

beads and the displacement vector, r, between them. The equation for this potential is [5] [8] [9]

o_f 12 O'f 6
UGB(ﬁi,ﬁi,r) =4E(fl],fl],r)[< ) —< > . (3)

r—a(ﬁi,ﬁi,r)+0f r—a(ﬁi,ﬁi,r)+0f



To help interpret this potential, Figure 2.2 shows the Gay-Berne potential as a function of

distance for three configurations of two beads.
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Figure 2.2 The Gay-Berne potential between two beads as a function of center-to-center distance.
Potential curves for the face-to-face (blue), edge-to-face (black), and edge-to-edge (red)
configurations are shown. Image from Ref. [5].

In this work, a—6T chains are injected into a box with dimensions Ly, Ly, and L,. In all
simulations, we use periodic boundary conditions in the x and y directions and attractive,
impenetrable surfaces at the floor and ceiling; an example is shown in Figure 2.3. Three different
sizes are used in this work: a large box with Ly = 20.10y, Ly = 20.109, and L, = 200y; a medium
box with dimensions Ly = 20.10y, Ly = 20.10y, and L, = 100y, and a small box with dimensions
Lx = 20.109, Ly = 10.050y, and L, = 100y. Using smaller boxes allows us to more quickly adsorb

chains, as they have to travel less distance to find the surfaces.

Beads in the chains interact with the adsorbing surfaces with a potential given by [10]

_ 2 of ? af 3
Uwan(z,0) = €, [E <z — Zshift(9)> — <z — Zshift(9)> ] X (1 + AP,[cos(6)]), (4)



where

1
2 2
X c0529> — o¢), (5)
X

Zshife(6) = 0.5 | g (1 —1

@ is the angle between the orientation vector and the normal vector of the adsorbing surface, A =

1, ew = 14¢p, and P,[cos(0)] = P,[x] = %(sz — 1) is the second order Legendre polynomial.
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Figure 2.3 Example of a simulation box. This figure shows a snapshot of the simulation in the
large box. Notice how the chains at the floor and ceiling of the box have attached to the
adsorbing surfaces. One chain in the lower right can be seen in midflight before it finds the
surface.

The term y in equation (5) is defined as

_(K)z_l 6
X - (K)Z + 1; ( )
with
K=ﬁ= 0.5. (7)
O¢

The surface potential is visualized in Figure 2.4.
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The total energy of the system is a combination of all three of the aforementioned potentials
NginN NginN

N N
1
Uzszih+zUwall+§ z Z UGB(ui,uj,r). (8)
i=1 i=1 i=1 j=1

The unit for energy in this work is ¢; =0.54 kcal/mol, and the reduced temperature is given by

T kgT
e (9)
where kg is Boltzmann’s constant.
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Figure 2.4 The potential energy of a bead near an adsorbing surface as a function distance.
Potential curves for the face on (blue) and edge on (red) configurations are shown.
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3 Method

In this work, we perform Monte Carlo simulations for a variable number, N, of a-6T chains
injected one-by-one into the center of a box described in the Model section. Over a prescribed
number of Monte Carlo steps, mc, each chain in the box was subjected to a set of randomized
moves. Each move alters the configuration of the system, thereby changing the total energy of
the system. The energy of the system after the move, Esn, is compared to the energy of the
system before the move, Ei,. These simulations are carried out in the canonical ensemble, in

which new configurations are accepted with a probability, p, given the Metropolis criterion:

p = {e_(Eﬂn_Ei“i)BJ Efin > Ein;. (10)
1, Efin < Eini
with
p = kol = (€oTrea) - (11)

Three different moves are used in our simulation: rigid translations of the chains in three
dimensions, rigid rotations of the chains about their three principal axes, and pivot moves, in
which beads within chains rotate about their bonds. A single Monte Carlo step consists of one of
each of these moves, carried out in random order for each chain in the box. During each
simulation, accepted configurations are written to a trajectory file on a prescribed interval for

later evaluation.

Our simulations begin with a single chain in the center of the box, allowed to move with
probability. At a prescribed rate, a new chain is injected into the center of the box. For our
simulation, these rates range from one new chain every 5,000 Monte Carlo steps to one every
50,000 Monte Carlo steps.

Results for our simulations are evaluated from the trajectory file which contains the positions and
orientations of all beads as well as the total energy of the configuration. These data are used to
evaluate the average surface potential per bead, the average total energy per bead, and the
average distance from an adsorbing surface of the chains over the duration of the simulations.

Furthermore, the probability distribution for finding a chain at a given height is extracted from

12



the trajectory file. Using this probability distribution, the number of molecules in each deposited
layer can be estimated. Furthermore, the area density of each layer can be approximated to give a
better understanding of the packing of a-6T near the surfaces. A list of parameters for all

simulations evaluated in this work is presented in Table 2.

Inverse Simulation

Tred Ly L, L, Final N Rate Estimated time
(ov) (o) | (o) (MC steps) Coverage (MC steps)
0.50 | 20.10 | 20.10 | 20.0 100 50000 Less than a monolayer 6.00E+06
0.75 | 20.10 | 10.05 | 10.0 100 25000 Approx. a monolayer 3.00E+06
0.75 | 20.10 | 10.05 | 10.0 200 10000 More than a monolayer 3.00E+06
0.75 | 20.10 | 10.05 | 10.0 300 10000 More than a monolayer 4.00E+06
0.75 | 20.10 | 10.05 | 10.0 400 10000 More than a monolayer 5.00E+06
1.00 | 20.10 | 20.10 | 20.0 100 50000 Less than a monolayer 6.00E+06
150 | 20.10 | 20.10 | 20.0 100 50000 Less than a monolayer 6.00E+06
150 | 20.10 | 20.10 | 10.0 250 50000 More than a monolayer 1.40E+07
150 | 20.10 | 20.10 | 10.0 250 50000 More than a monolayer 1.40E+07
150 | 20.10 | 20.10 | 10.0 250 50000 More than a monolayer 1.40E+07
150 | 20.10 | 20.10 | 10.0 250 50000 More than a monolayer 1.40E+07

Table 2 Parameters for the simulations discussed in this work. The columns in this table give,
from left to right, the reduced temperature, the box dimensions, the total number of molecules,
the deposition rate (one particle every x Monte Carlo steps), estimated surface coverage, and
simulation time used in each simulation.

13



4 Results and Discussion

In this work, simulations are performed for systems forming layers of varying thickness from
less than a monolayer up to more than two layers. The simulation parameters are presented in
Table 2. The most important parameters for the final structure are temperature and deposition
rate. We are interested in the average distance from the substrate, Zgis, the average energy per
bead, Upeq, and the average surface potential energy, Uuan, as a function of simulation time
measured in Monte Carlo steps. The probability distribution for the molecules with respect to

height is also evaluated, as well as the ordering of the molecules, especially in the first layer.

4.1 Sub-monolayers at different temperatures

We first investigate deposition behavior for simulations of N = 100 chains, with a deposition rate
of one new chain every 50,000 Monte Carlo steps, the bottom four simulations in Table 2. For
these simulation Ly = 20.10p, Ly = 20.10p, and L,=200p. The final configurations for this
number of molecules have less than a monolayer of molecules deposited onto the substrate.
Thus, all molecules have the opportunity to achieve their lowest energy configurations.
Differences in behavior as a function of temperature were investigated for this set of simulations.
Figure 4.1 and 4.2 show the average energy per bead and the average distance of the chains from

the surface as a function of simulation time, for reduced temperatures of 0.5, 1.0, and 1.5.

For the simulations at T = 0.5, both the average energy and the average distance from an
adsorbing surface show a peak early in the simulation. These peaks are the result of several
chains in the box having not yet found the adsorbing surfaces, leaving them at higher energies.
Investigation of the trajectory of the molecules showed that clusters of chains form early in the
simulations, as shown in Figure 4.3. These clusters reduce the mobility of the chains so that they
find the adsorbing surfaces later than usual. Without surface contacts, these chains are left at
higher energies than those adsorbed. Over time, the clusters dissolve onto the substrates and we
can see that the average energy and average surface distance fall as the chains find the surface.
The final configuration presented in Figure 4.4 shows that the molecules lie flat, with opposing
dihedral orientation between neighboring beads. This result is the lowest possible energy

configuration for the system. When we look at Figure 4.4, we can observe the ordering of the

14



chains on the bottom surface of the box. The molecules form clusters of aligned chains in close

contact.

Energy per bead (¢)

0 2000 4000 6000
Time (1000 MC steps)

Figure 4.1 Average total energy per bead for as afunction of simulation time for N = 100 chains.
The graphs show simulation results for reduced temperatures of 0.5 (blue), 1.0 (red), and 1.5

(green).
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Figure 4.2 Average distance of chains from an adsorbing surface as a function of simulation time
for N =100 chains. The graphs show simulation results for reduced temperatures of 0.5 (blue),

1.0 (red), and 1.5 (green).
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Figure 4.3 Snapshot of an early configuration of a simulation with a final number of N =100
chains at Teq = 0.5. A cluster of three chains is visible in the center of the box.
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Figure 4.4 Final configuration for a sub-monolayer of a-6T molecules deposited onto a substrate
at Treg = 0.5. This image shows ordering of the molecules on the surface. Notice the opposing
dihedral orientations between neighboring beads in the chains.
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Our mid temperature simulations offer a different behavior. Figures 4.1 and 4.2 show that the
average energy and surface distance for the chains fall rapidly early in the simulations and then
remain constant at low values. The higher temperature used in this simulation discourages the
clumping of chains in the gas phase found at lower temperatures. The final configuration in
Figure 4.5 shows that T,eq = 1.0 is sufficiently low for the chains at the adsorbing surfaces to lie
flat in low energy configurations. However, they do not form ordered clusters like the chains in
the low temperature simulations did. The molecules show orientational order with their long axes
pointing preferentially in one direction. Furthermore, the curved shape of some molecules shows
that, for this temperature, not all neighboring beads have opposite orientation. In addition, the
molecules do not touch as often as they do at T,,q = 0.5. This means that there are fewer negative
contributions to the energy due to the interactions between chains. The final average energy for
this configuration is therefore somewhat higher than for Tred = 0.5.

0 5 10 15 20

Figure 4.5 Final configuration for a sub-monolayer of a-6T molecules deposited onto a substrate
at Treg = 1.0. At this temperature, the molecules do not show positional order but they have
orientational order along the y-axis. Individual molecules have bent shapes, indicating that some
neighboring disk orientation vectors point in the same direction.

Finally, we consider our high temperature simulations. For T.q = 1.5, Figures 4.1 and 4.2 show

that the average energy per bead and the average distance from the substrate fall more rapidly

than for Treq = 0.5 and less rapidly than for T.eq = 1.0. As the temperature of the simulations is

increased, new moves are accepted with greater and greater probability. This means that, even
17



though no clumps form in the box, the average energy of the system may take longer to decrease
than for somewhat lower temperatures. Similarly, during the simulations the probability for a
configuration with a higher energy than the previous configuration to be accepted increases.
Thus, orientation vectors of neighboring beads are even less likely to be in opposite directions
than for Treq = 1.0. This leads to a large number of bent molecules in the final configuration,
shown in Figure 4.6. In addition, the molecules are spread out more than in Figure 4.5, leading to
fewer contacts between chains. As a result, this final configuration has the highest final average
energy of the three considered in this comparison.

20
18
16
14+
12+
=10+

B~ o @

N

Figure 4.6 Final configuration for a sub-monolayer of a-6T molecules deposited onto a substrate
at Treg = 1.5. At this temperature, there is only a little orientational order in the layer.

4.2 Between one and two monolayers at high temperature

In this section, we study systems with a final coverage between one and two monolayers. We
performed simulations of N = 250 chains deposited at T,eg = 1.5 with a rate of one new chain
every 25,000 Monte Carlo steps. These simulations used the medium sized box which has a
lower height, L, = 10, in order to encourage quick adsorption of the molecules. The total
simulation time was 1.4x10" Monte Carlo steps. Since the final configurations have more than
one monolayer of molecules on each adsorbing surface, we are able to investigate the onset of

growth in the second layer as well as the properties of the first layer and the partial second layer.

18
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Figure 4.7 Average distance of chains from an adsorbing surface as a function of simulation time
for four simulations of N = 250 chains in the medium sized box at T.eq = 1.5. The increase in
distance in the late part of the simulation indicates the formation of a second layer on the
adsorbing surface.
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Figure 4.8 Surface energy per bead as a function of simulation time for four simulations of N =

250 chains in the medium size box at Treq = 1.5. The increase in surface energy in the late part of
the simulation indicates the formation of a second layer on the adsorbing surfaces.

First, we look at the average surface potential energy and average surface distance as a function
of time, shown in Figure 4.7 and Figure 4.8, respectively. The figures show results from four

independent simulations, which agree well with each other. Early in the simulations, we see an
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abrupt drop in distance from the surface and the surface energy per bead as the molecules begin
forming the first layers on the substrates. At a time of about 8x10° MC steps, both the surface
energy and distance begin to rise, which indicates that a second layer has begun to form. When
all the molecules have entered the box and have been adsorbed, we see these graphs level off and
become constant. Figure 4.9 shows a view of a final configuration that allows us to examine the
first layer adsorbed to a surface. This layer is much more densely packed than the partial
monolayer at the same temperature, Trq = 1.5, shown in Figure 4.6. The higher density in Figure
4.9 leads to the chains being less bent than in Figure 4.6, and the chains in the dense layer show
much more orientational order than in the less populated layer.
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14+
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Figure 4.9 Top-down view of the adsorbed molecules on the ceiling of the box for a simulation
of N = 250 chains in the medium box at T, = 1.5. This view allows us to look through the
ceiling at the first layer of adsorbed molecules.

We now take a deeper look at the layering characteristics of the final configurations. Figure 4.10
shows a side view of a final configuration, which illustrates the layering. We can clearly see that
the formation of a second layer has begun on the floor and ceiling of the box for this simulation.
In order to develop a better understanding of the process, we examine the probability distribution
for the height (z-coordinate) of the beads shown in Figure 4.11. Each peak in this graph
represents a distance from the bottom surface o-6T molecules are likely to be found. The strong

peak at low height corresponds to the first adsorbed layer while the second highest peak

20



represents the second layer. The smaller peaks belong to chains that are part of both layers. By
integrating the probability distributions for each peak over the height we can estimate the number

of particles in each layer of the final configuration.

Figure 4.10 Final configuration for a simulation of N = 250 chains in the medium box at Teg =
1.5. This view highlights the presence of two layers on the floor and ceiling of the box.

1% layer

Probability distribution

Height (o)
Figure 4.11 Probability distribution for the z-coordinate (height) of a-6T molecules deposited at
Tred = 1.5 in the medium size box. Note that this graph shows the results near the bottom surface
for only one of the simulations; the other simulations behave similarly. The probability
distribution at the ceiling is nearly a mirror image of that at the floor for all simulations.
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The average number of particles in the first layer for each adsorbing surface in our four
simulations was found to be 95 + 0.58. For the second layer, the average number of particles was
found to be 30 + 0.58. Furthermore, the average area densities for these layers were found to
0.235 + 0.0014 chains/o” and 0.0742 + 0.0014 chains/c?. Thus for these simulations, the first
layer is found to contain over three times as many molecules as the second, and it has a much

higher area density, showing that the second layer is not complete.

4.3 Layer growth at low temperature

Finally, we investigate how layers grow at a low temperature of Trq = 0.75. We performed
simulations in our smallest box, Lx = 20.1¢y, Ly = 10.050, and L, = 100y, for chain numbers N =
100, 200, 300, and 400. For the case N = 100, the deposition rate was set to one new chain every
25,000 Monte Carlo steps. For all other cases, the rate was one new particle every 10,000 steps.
For this part of the work, we are interested in the ordering of the first layer and the layering
characteristics. The first layers of the final configurations for all simulations are shown in
Figures 4.12 through 4.15.
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Figure 4.12 Top-down view of the first layer of molecules on the ceiling of the box for a
simulation with T,eq = 0.75 and N = 100. Notice that the adsorbed layer has ordered regions with
different orientations.
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Figure 4.13 Top-down view of the first layer of molecules on the ceiling of the box for a
simulation with T,,q = 0.75 and N = 200. Notice that the adsorbed layer has ordered domains of
different orientations.
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Figure 4.14 Top-down view of the first layer of molecules on the ceiling of the box for a
simulation with Trq = 0.75 and N = 300. Notice that the adsorbed layer has highly ordered
domains of different orientations.
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Figure 4.15 Top-down view of the first layer of molecules on the ceiling of the box for a
simulation with T,,q = 0.75 and N = 400. Notice that the adsorbed layer has ordered domains of
different orientations.

We can clearly see that for the first layer in these simulations, the molecules form ordered
domains as expected for this temperature. The final configurations for N = 100 and N = 200
show ordered regions separated by disordered areas. The final configurations for N = 300, on the
other hand, shows a highly ordered domain that spans almost the entire area. The final

configuration for N = 400 has dense, ordered domains with different orientations.

Now we examine the surface energy per bead and the average distance from a substrate as a
function of simulation time. Results for all four simulations are presented in Figures 4.16 and
4.17 to better understand the layering behavior. For all simulations in this comparison, the
surface energy drops to a minimum early in the simulations as the first layer begins to form. This
drop is reflected in the average distance from the substrate, which is expected as the molecules
are beginning to lie on the surfaces. Once enough molecules enter the box, we begin to see an
increase in surface energy and distance from the substrate, which we associate with the
formation of a second layer. For the N = 100 case, a small increase in surface energy and average
distance from the substrate can be observed at around 2,500,000 MC steps. This is caused by a
second layer beginning to form on the upper surface. The formation of the second layer for N =
100 starts later because the deposition rate is much smaller than in the other simulation. For the
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Figure 4.16 Surface energy per bead for simulations of 100 (blue), 200 (red), 300 (green), and
400 (cyan) molecules at T,eq = 0.75 as a function of simulation time.
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Figure 4.17 Average distance between molecules and the substrate as a function of simulation

time. Simulation results for 100 (blue), 200 (red), 300 (green), and 400 (cyan) molecules at Ty =
0.75 are shown.

N = 200, 300, and 400 cases, we can see that the distance and energy both begin to increase at
around 1,000,000 Monte Carlo steps. In the N = 200 case, this rise ends and the plots level off
when a second layer is formed. For the N = 300 and N = 400 cases, the surface energy and

average distance increases until all particles have been deposited, leveling off much more
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gradually over time. The layering behavior for each of these simulations can be visualized in
their final configurations, shown in side view in Figures 4.18 through 4.21. The probability
distribution for z-coordinates of the beads (height) is presented in Figure 4.22. As in Section 4.2,
it is important for determining molecular organization in the layers formed through deposition;

results for layer densities are presented in Table 3.
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Figure 4.18 Final configuration for a simulation of N = 100 particles deposited at Treq = 0.75. A
monolayer has formed at the bottom of the box, while at the top, the beginning of a second layer
can be seen.

In the N = 100 case, we see that the molecules at the floor of the box form a monolayer which
lies flat on the surface. At the ceiling, however, we see several molecules beginning to create the
second layer. Integrating the probability distribution over the ranges of heights where the peaks
form, we find that for this case there are approximately 44 molecules in each first layer, leaving
approximately 12 molecules to form the second layer we observe. We find that the first layers for

this graph have an area density of 0.218 molecules/c?, while the second layer has an area density

of 0.057 molecules/o*.
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Figure 4.19 Final configuration for a simulation of N = 200 particles deposited at Tyeq = 0.75.
This figure shows that two layers have formed at the floor and ceiling of the box, and molecules
have begun piling onto the second layer.

Figure 4.20 Final configuration for a simulation of N = 300 particles deposited at Treq = 0.75.
This figure shows that two layers have formed at the floor and ceiling of the box, and molecules
have formed large mounds or piles on top of these layers.
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Figure 4.21 Final configuration for a simulation of N = 400 particles deposited at Treq = 0.75. As
for the N = 300 case, after two layers, the molecules begin to form mounds or piles instead of
new layers.
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Figure 4.22 Probability distribution for the location of a-6T molecules deposited at Teq = 0.5 as a
function of height in the box. Results for simulations of 100 (blue), 200 (red), 300 (green), and
400 (cyan) molecules are shown. This graph shows only the probability distribution for
molecules near the lower surface.

For the N = 200 case, the number of molecules in each first layer is found to be approximately

43, while the number of molecules in each second layer is found to be approximately 40. This
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tells us that approximately two full layers have been deposited on the floor and ceiling of the
box, which is visually confirmed in Figure 4.19. Looking at this figure and the probability
distribution, it is clear that some of the molecules in this configuration fall into the region
between the two second layers. Approximately 27 molecules are present in this region for this
configuration. The area densities of the first and second layers are found to be 0.212

molecules/ o and 0.198 molecules/ o, respectively.

When the number of molecules increases to N = 300, the central region between the two layers at
the floor and the two layers at the ceiling becomes much more disordered. The first layers are
found to have approximately 48 molecules apiece, which is higher than in the 100 and 200
molecule cases. The second layers are found to hold approximately 37 molecules each. After this
second layer, the piling of molecules creates a drastic increase in the number of molecules found
in the central region. Approximately 131 molecules pile onto on another without forming layers,
a phenomenon likely exacerbated by the proximity of the piles to where new molecules are
injected. The area densities of the first two layers are found to be 0.235 molecules/ o* and 0.182

molecules/ &%, respectively.

Similarly for the N = 400 case, the central region between top and bottom largely consists of
piles of molecules on top of the lower two layers. The first layers consist of approximately 47
molecules with an area density of 0.230 molecules/ o. The second layers contain approximately
42 molecules each, with an area density of 0.208 molecules/ ¢®. The central region contains over
half of the deposited molecules at 223. As with the N = 300 case and confirmed in Figure 4.21,
the molecules in this central region fail to form discernible layers.
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Number of Number of First layer Second layer
Tred Box size N molecules in molecules in area density area density

first layer second layer (chains/c?) (chains/c?)
0.75 Small 100 44.2 11.6 0.218 0.057
0.75 Small 200 42.9 39.9 0.212 0.198
0.75 Small 300 475 36.9 0.235 0.183
0.75 Small 400 46.5 42.0 0.230 0.208
1.50 Medium 250 94.5 30.5 0.234 0.075
1.50 Medium 250 95.5 29.5 0.236 0.073
1.50 Medium 250 95.5 29.5 0.237 0.073
1.50 Medium 250 94,5 30.5 0.234 0.076

Table 3 Number of molecules per layer and area density for all simulations that produced more
than a single monolayer in the final configuration.

Table 3 shows data for the number of molecules in the first two layers and the associated area
densities for all simulations that produced more than one monolayer in their final configurations.
From Table 3, we can see that, for Teq = 0.75, the first-layer area densities are very similar for
N = 100 and N = 200. Indeed, the final configurations of these simulations presented in Figure
4.12 and Figure 4.13, also have about the same degree of order. For N = 300 and N = 400 at
Trea = 0.75, the area densities are close to each other and greater than those for N = 100 or 200.
This is confirmed by the denser, more ordered packing seen in the final configurations in Figure
4.14 and Figure 4.15. The first-layer area densities for N = 300 and N = 400 at Tq = 0.75 agree
within the uncertainties with those of the high temperature simulations, N = 250 at T,q = 1.5.
However, Figure 4.9 shows that the final configuration at the high temperature contains many
bent molecules, which leads to less order than the straight rod chain conformations at the low

temperature.
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5 Summary and Conclusion

In this work, we investigated vapor deposition of rod-like molecules with Monte Carlo
simulations of a coarse-grained model for a-sexithiophene (a-6T). Thiophenes are ring-shaped,
n-conjugated molecules with applications in electronic devices. a-6T consists of six bonded
thiophene rings. In the coarse-grained model, each ring is represented by a discotic ellipsoid
(bead), whose orientation is described by a vector perpendicular to the plane of the disk. The a-
6T molecule is modeled as a chain of six bonded, partly overlapping beads. The beads are
connected to one another with bonds of fixed lengths and fixed bond angles. The orientation of
neighboring beads along the chain is governed by a dihedral potential. A Gay-Berne potential
describes interactions between beads in separate chains and a modified Gay-Berne potential

describes the interactions between the beads and the substrate.

In the vapor deposition simulations, a-6T molecules are introduced, one at a time, into a
simulation box with attractive, impenetrable surfaces as the floor and ceiling and periodic
boundary conditions in the other two directions. Simulations were performed at low,
intermediate, and high temperatures for varying particle numbers leading to coverages between

sub-monolayer and several layers.

Simulations of sub-monolayers at different temperatures show positional and orientational order
of the adsorbed molecules at low temperature, Teq = 0.5, orientational order at intermediate
temperature, Tre,g = 1.0, and very little order at high temperature, Treq = 1.5. The shape of the
single chains changes from straight rods at low temperature to bent chains at high temperatures.
This is due to the dihedral potential, which keeps the orientation vectors of neighboring disks on

the chain anti-aligned at low temperature.

Systems with a final coverage between one and two monolayers were simulated at high
temperature, Treg = 1.5. We found a clear signature of the onset of formation of the second layer
in both the surface energy and the average distance from the surface. The probability distribution
for the z-coordinate (height) of the molecules showed a strong, narrow peak for the first layer
and a weaker, broader peak for the second layer. The molecules in the first layer lie flat on the
surface while those in the second layer assume a range of angles relative to the surface. The first

layer is dense, has orientational order, and the molecules in the layer have bent conformations.
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We studied layer growth at a low temperature, Treq = 0.75, with simulations for a range of
deposited particles. Data for the surface energy and average height show a clear signature of the
onset of growth of the second layer, however, the start of the third and fourth layer cannot be
identified in this way. The probability distributions for the height show strong, narrow peaks for
the first and second layer. At greater heights, we observe a number of small peaks suggesting
that the molecules do not organize in layers beyond the second layer. This is confirmed by the
final configurations, which show mounds of chains on top of the first two layers. This is
probably a non-equilibrium effect. Longer simulation times after the last chains have been
introduced are necessary to allow the system to relax to an equilibrium configuration. We should
point out, however, that the experiments that inspired this work [6] were also conducted under

non-equilibrium conditions.

A comparison of the first adsorbed layers of systems with more than one monolayer in the final
state shows, that the area density is high in all cases. For deposition at low temperature, the first
layer has domains with positional and orientational order. In contrast, deposition at high

temperature leads to first layers with only orientational order.
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