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Amolecular dynamics study of the effect of pentacene polymorphs on C60 surface adsorption and
diffusional properties and the tendency to form nanowires

Rebecca Cantrell and Paulette Clancy*

Chemical and Biomolecular Engineering, Cornell University, 120 Olin Hall, Ithaca, NY 14850, USA

(Received 9 January 2010; final version received 28 March 2010)

Using atomic-scale molecular dynamics and energy minimisation techniques with semi-empirical molecular mechanics 3
potential energy functions, we consider the adsorption of a C60 molecule on pentacene in the known thin film and bulk
phases and a series of hypothetical, variably angled, pentacene structures. The thin film phase has a more energetically
isotropic surface than the bulk, and exhibits diffusion coefficients that are twice as high, potentially leading to preferable
characteristics for ordered film growth. For the variably angled pentacene structures, where the long axis is parallel to the
substrate, a relationship was discovered between the angle that the pentacene short axis makes with the surface normal
(controlled by the underlying substrate) and the adsorption characteristics of C60. There is a transition of the dominant
energy minima from between the pentacene rows at low values of w1 to within the rows at high values of w1, where w1 is the
angle the bottom pentacene short axis makes with the surface normal. This shift implies that the likelihood of forming C60

nanowires on pentacene is greater at extreme values of w1 for which there would be a clear preference for C60 to be located
between a row or within a row, rather than at intermediate values of w1, where there is no clear preference.

Keywords: pentacene; molecular dynamics; C60 adsorption; C60 diffusion

1. Introduction

In recent years, considerable attention has been paid to the

development of all-organic electronic devices, ranging

from organic photovoltaic (OPV) devices and organic

light-emitting diodes to organic thin film transistors

(OTFTs). The drive for the development of organic

semiconductor materials has been their potential to offer

cheaper and larger-scale (roll-to-roll) processing than

traditional inorganic semiconductors as well as the

inherent flexibility that organic substrates offer. Although

inorganic semiconductor materials generally have much

higher charge carrier mobilities, recent progress has

resulted in the development of p-type aromatic hydro-

carbon materials, especially pentacene, which show

comparable hole mobilities to those of amorphous silicon

($1 cm2/V s) [1,2]. For organic n-type semiconductors,

such as C60, reported electron mobilities can be as high

as 0.65 cm2/V s [3]. In this paper, we focus on studying

the dissimilar interactions between p-type pentacene

(abbreviated to Pn) and n-type C60 as an exemplar for a

p–n heterojunction in an organic semiconductor system.

This combination of materials has been studied exper-

imentally for OTFTs [4,5] and especially for OPV devices

[6,7], exploiting the absorbance properties of the system

for use in photovoltaic devices.

Unlike many inorganic p–n junctions, organic p–n

junctions carry charges by a localised hopping mechanism,

which is generally assumed to be responsible for the lower

charge carrier mobilities. Correspondingly, the diffusion

length of an exciton (an electron–hole pair) in an OPV

device is much lower, and hence the electron and hole only

have a chance to split (the desired effect) if they are formed

very near, or at, the p–n junction interface. Thus, knowing

the atomic-scale details of the interface between the p- and

n-type materials is very important for understanding the

performance of organic semiconductor materials. An ideal

heterojunction is assumed to be one in which both of

the organic components forming the interface exist in

as orderly and planar form as possible, which is often

interpreted to mean highly crystalline. This order is desired

in the bulk and at the interface so that there is very little

charge scattering, which can otherwise lead to the

undesirable result of electron–hole recombination.

Despite this commonly acknowledged need to create a

highly ordered interface, there has been very little

experimental work to probe the nature of the C60/Pn

interface and even fewer computational studies.

It is possible to grow highly ordered pentacene films in

the laboratory using a variety of techniques [8–10], but the

ability to grow the desired ordered layers of C60 on top of

pentacene in an ideal layer-by-layer manner is made more

difficult by the tendency of C60 to cluster and dewet the

pentacene surface and thus to grow in an undesirable

three-dimensional fashion [11]. One key way to improve

the growth behaviour of C60 on pentacene is to find a

way to increase the mobility of the C60 molecules on the
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pentacene surface in order to allow film-smoothening

mechanisms to occur.

In this paper, we focus on C60 interactions with a

variety of different pentacene surfaces that differ most

strikingly in the angles that the short and long axes make

with the surface normal. First, we compare two

experimentally observed pentacene polymorphs, the so-

called ‘bulk’ and ‘thin film’ phases, which differ slightly

in the angle adopted by pentacene’s long axis as it

stands upright on the underlying insulating surfaces

(see Figure 1). But on other substrates, primarily metals

[12–15] and silicon [16,17], where opportunities to share

electrons are more facile, pentacene lies down on the

surface (i.e. its long axis is parallel to the surface) to an

extent determined by the nature of the substrate. Thus, our

second study considers a series of hypothetical situations

in which we vary the angle that pentacene’s short axis

makes with the underlying substrate, keeping the long axis

parallel to the surface (see Figure 2). This second study

emulates situations found experimentally in which the

tilt angle made by pentacene’s short axis with the surface

(shown as w1 in Figure 2) will be different depending on

the metal upon which the pentacene is deposited. For

instance, when two layers of pentacene are deposited on

copper, there is a resulting angle of 658–708 between

pentacene’s short axis and the surface normal [12]. In

theory, the metal could be chosen to produce a desired

short-axis tilt angle of the pentacene overlayers in order to

control the adsorption behaviour of subsequent molecules.

For all pentacene phases studied here, real or

hypothetical, we consider the mobility and anisotropy of

the C60 molecules diffusing on the pentacene surface. The

goal of this paper, then, is to shed some light on the trends

of the adsorption and diffusion properties of the C60

molecules as we alter the corrugation of the pentacene

surface via changing the angle that either pentacene’s long

axis makes with an insulating substrate (thin film vs. bulk

phases) or that its short axis makes with the metallic

substrates. In the latter case, since there are no ‘phases’

associated with these situations where pentacene’s long

axis lies flat but its short axis is tilted, we will address this

issue by considering a range of short-axis tilt angles that

are possible (from 108 to 908) and suggest how to describe

an analogue to the ‘unit cell’ of these situations. Our

hypothesis is that the angles formed by pentacene

molecules affect the ability of the 1 nm-diameter C60

molecules to fit into the ‘hollows’ of the surface created by

the surface corrugation, which then affects surface

diffusion and, potentially, structure-directing molecular

processes (such as nanowire formation).

2. Background

2.1 Planar vs. bulk heterojunctions

Our studies emulate what is termed a ‘planar heterojunc-

tion’, rather than a ‘bulk heterojunction’; the distinction

being that the bulk heterojunction involves an interpene-

trating blend of donor and acceptor molecules in an

attempt to reduce the distance that an exciton has to travel

to dissociate. The planar heterojunction, as its name

implies, assumes a planar, non-interpenetrating interface.

It has been found that bulk C60/Pn heterojunctions have a

slightly higher open-circuit voltage than planar hetero-

junction devices; however, their short-circuit current

density and thus power conversion efficiency are

approximately six times lower than those of planar

C60/Pn heterojunctions [18,19]. Not only do bulk

heterojunctions tend to phase-separate and short-circuit,

but there is also a large charge recombination rate due

to the C60 molecules being positioned directly against

the benzene-ringed ‘face’ of a Pn molecule, facilitating

hopping [20]. This configuration occurs much less often in

planar heterojunctions because C60 lies in the crevices

between the Pn molecules, interacting with the end or edge

of the molecule, not its ‘face’. For these reasons, we focus

solely on the planar C60/Pn heterojunction.

Figure 2. Schematic diagrams of the variably angled pentacene
systems from (a) a plan and (b) a side view, illustrating the
definitions of the parameters a, b, c, g, u1, u2, w1, w2 and d12,
which are listed in Table 1. Pentacene molecules are represented
as grey rectangles for simplicity.

Figure 1. Side-view diagram illustrating the orientation and
relative heights of the thin film and bulk phases of pentacene.
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2.2 Bulk and thin film phase pentacene

The bulk and the thin film phases appear when growing

pentacene on electrically insulating substrates such as

SiO2 or Al2O3 using either low-pressure organic vapour

phase deposition [21] or vacuum thermal evaporation [9].

As its name suggests, the thin film phase occurs during the

first few monolayers of growth (at least). The ratio of bulk

phase to thin film phase pentacene increases with

deposition temperature, deposition pressure (for vapour

phase deposition) and film thickness; other factors, such as

deposition rate, affect the distribution of these polymorphs

as well [9,22,23]. Thus, it is experimentally possible to

control the polymorphism of the top pentacene layer to be

either a thin film or a bulk phase [24]. The bulk phase has

the well-accepted triclinic lattice parameters of

a ¼ 7.90 Å, b ¼ 6.06 Å, c ¼ 16.01 Å, a ¼ 101.98,

b ¼ 112.68 and g ¼ 85.88, reported by Northrup et al.

[25] based on X-ray diffraction results from Campbell et al.

[26]. The thin film phase has the triclinic lattice parameters

of a ¼ 7.56 Å, b ¼ 5.93 Å, c ¼ 15.65 Å, a ¼ 93.38,

b ¼ 98.68 and g ¼ 89.88, reported by Yoshida et al. [27]

based on X-ray diffraction reciprocal space mapping.

Studies of C60/Pn usually focus on the electronic

properties (e.g. current–voltage curves and power

conversion efficiencies) after the device formation

[4–7]. However, there are a couple of previous studies

which focus on the sub-monolayer growth of C60 on thin

film pentacene. There is some inconsistency about whether

C60 wets or dewets a thin film pentacene surface, the

former outcome being much preferred. Itaka et al. [28]

suggested that C60 wets a thin film layer of pentacene on

Al2O3, whereas Conrad et al. [11] showed that C60 on a

thin film layer of pentacene on SiO2 does not wet the

surface. Itaka et al. grew 20 nm-thick C60 films on Al2O3

and found that C60 formed crystalline grains as large as

600 nm with very smooth surfaces. Conrad et al. grew up

to 0.25ml of C60 on 1.6ml of thin film pentacene on SiO2

and found that C60 forms small three-dimensional ‘roughly

spherical’ clusters several nanometres tall. Thus, the

Conrad et al. paper shows C60 dewetting the surface.

Superficially, these contradictory observations could be

ascribed to the difference in substrates used by the two

groups, but this seems unlikely since the dielectric

surfaces in each case are at least 20 Å away from the centre

of the C60 molecules (i.e. out of the range of influence even

without a screening pentacene layer). A more likely cause

is that Itaka et al. used a deposition rate twice as slow as

that of Conrad et al. If the deposition rate is very high, the

C60 molecules may not have as much chance to diffuse

before they encounter another deposited molecule, thus

causing a higher density of smaller islands. In order to

theorise further about the growth mode of C60 on

pentacene, by classical nucleation theory, for example,

the details of the C60/Pn kinetics (e.g. energy barriers and

diffusion coefficients) need to be known, and the results in

this paper will facilitate such a study.

Previous molecular dynamics (MD) simulations have

shown that, at room temperature, the diffusion coefficient of

C60 on bulk phase pentacene is 5.8 £ 1025 cm2/s [29], but

the thin film pentacene phase was not considered. In Section

4.1, we compare and contrast the diffusion behaviour of C60

on both bulk and thin film phase pentacene. We will show

that diffusion coefficients, in combination with adsorption

energy surfacemaps, provide insight intowhich polymorphs

might yield better growth properties of C60 on pentacene.

2.3 Motivation to vary the short axis of pentacene
adsorbed on metallic substrates

In contrast to the bulk and thin film structures adopted by

pentacene on most insulating surfaces, such as thermal

oxides, the first monolayer or so of the pentacenemolecules

is known to lie essentially flat on some substrates, typically

metals [12–15], but also silicon [16,17]. This ‘flat’

pentacene structure can only occur for the first few

monolayers depending on the balance of the strength of the

Pn–Pn interactions vs. the Pn–metal interactions; for

thicker Pn films, subsequent pentacene monolayers orient

themselves nearly upright in the thermodynamically stable

herringbone structure to maximise the overlap of their p-

orbitals [12,15]. Dougherty et al. [30] deposited C60 on two

layers of pentacene on Ag(111) and found that, at low C60

coverage, C60 nanowires form between the pentacene rows.

This phenomenon is exciting because it suggests that when

pentacene is angled close to the underlying surface, it might

serve as a ‘templating’ material for more ordered, and

directionally biased, growth of C60. Dougherty et al. found

the first monolayer of pentacene on Ag(111) to lie flat on

the substrate, but, in the second layer of pentacene, the

molecules’ short axis is oriented approximately 288–348

off the surface (i.e. a surface normal angle, w1, of 628–568

in the convention we adopt, described in Section 4.4 and

Appendix). Since C60 nanowire formation on pentacene has

not been observed elsewhere in the literature, this specific

pentacene orientation on Ag(111) found by Dougherty et al.

could be just right to allow the formation of C60 nanowires

in the crevices between the pentacene rows. Investigating

whether there is indeed a ‘sweet spot’ for the angle of the Pn

molecules to hold or orient the C60 molecules provided

additional motivation for us to study, in Section 4.4, the

energetic minima for C60 molecules on pentacene as we

vary the angle of the short axis of pentacene over a range of

possible angles (from 108 to 908).

3. Methods

3.1 MD simulations

As described in a previous paper [29], all simulations

performed and reported here were carried out using the

R. Cantrell and P. Clancy592

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
8
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



freeware software package TINKER, which is an atomic-

scale (all-atom) modelling package using MD techniques

for a choice of semi-empirical potentials [31]. Within the

MD simulations, the Beeman integration method was

used to obtain positions, velocities, accelerations and

relevant system energies at each integration step (a time

step of 0.5 fs). For each simulation, a short thermalisation

run of 5 ps was performed using a canonical ensemble in

which a specified equilibrium temperature is achieved and

maintained using a Berendsen thermostat [31]. Once the

system reached the desired temperature without signifi-

cant fluctuations (^ , 3K), the simulation was continued

using a microcanonical ensemble (which maintains

constant energy) for a further 2 ns. In order to improve

the statistics of the results, simulations of all the systems

reported here were repeated 10 times each. The

fluctuating average local pressure in the system was

10 ^ 210 atm, exhibiting the typical large pressure

fluctuations seen in NVE simulations. Each system of

10 runs was carried out for temperatures between 200 and

600K, designed to include a range of temperatures similar

to that used in experimental studies of C60 on the surface

of pentacene [32].

For MD simulations of a single C60 molecule on both

thin film and bulk phases, the computational system

consisted of two Pn layers with the bottom layer fixed

and the top layer free to move. Each layer involved a

reasonably large system size of 5 £ 5 pentacene unit cells

(50 molecules) to limit spurious system-size effects. For

simulations of C60 on bulk and thin film pentacene, the

coordinates of the centre of mass of the adsorbed molecule

were tracked to allow us to calculate surface diffusion

coefficients, to perform an energy barrier analysis and to

undertake an adsorption energy surface mapping of the

C60/Pn systems using a combination ofMD and static total-

energy calculations. For the subsequent MD simulations of

48 pentacene molecules lying at varying angles on Si,

as discussed in Appendix, a Si(001) surface consisting

of three atomic layers was fixed, while the pentacene

molecules lying on top of them were free to move. Periodic

boundary conditions were applied here as well to allow the

pentacene cluster to move freely. This simulation was

thermalised at 300K in the NVT ensemble for 50 ps and

then run in the NVE ensemble for a further 2 ns.

The most important input for an MD simulation is the

choice of intermolecular potential model. The molecular

mechanics 3 (MM3) potential model used in this paper

is the same as that reported in a previous paper [29].

We chose this semi-empirical MM3 force field since it

has been shown by its developers to accurately describe

hydrocarbons, namely three-, four-, five- and six-ringed

structures [33]. MM3 incorporates stretching, bending and

torsional energies as well as the van der Waals interaction

energies based on atom–atom parameters related to their

chemical environment [33]. Prior to our simulations, we

confirmed that the MM3 model was suitable for the two

molecules in our system. For pentacene, we had already

confirmed that the MM3 potential accurately reproduced

ab initio-derived MP2 intermolecular energies and

predicted the correct lowest energy herringbone structure

as a prelude to extensive studies that showed that the MM3

model reproduces experimental sticking coefficients and

other experimentally observed phenomena [34]. For the

C60 intermolecular potential, we verified that the

MM3 potential was similar to ab initio calculations of

the C60–C60 interactions produced by Pacheco and Prates

Ramalho [35], which were carried out in the local density

approximation to density functional theory (DFT),

together with its extension for excited-state time-

dependent DFT. Thus, we are confident that the semi-

empirical MM3 potential was sufficiently accurate to

model the C60 interaction with pentacene polymorphs.

3.2 Adsorption energy surfaces

For pentacene in all the forms we studied (bulk and thin

film phases, and for cases where we varied the Pn short axis

angle with respect to the surface normal), we calculated the

potential energy surfaces that would arise from the

adsorption of a C60 molecule. These energy surfaces

provide insight into the manner in which a C60 molecule

probes the different pentacene surfaces and any tendency to

favour lower energy sites. The potential energies were

calculated statically using the TINKER software with the

MM3 potential. Each energy value shown in the contour

plots (Figure 4, for instance) represents the energy between

one C60 molecule and the pentacene surface, so as to

roughly represent absorption energy at different points

along the surface. The increments in the x- and y-directions

by which the C60 scanned the surface were chosen such that

there was no increment step greater than 0.4 Å for a given

system. Although C60 is approximately spherical, it has

faceted edges which slightly influence the adsorption

energy. Thus, for each point along the surface, the

adsorption energy was calculated by averaging over

10 random orientations of the C60 molecule to smooth

out any contributions from the non-sphericity. We also

considered the height of the C60 above the surface at

different points along the surface. For each set of x–y

points, we determined the height above the surface that

gave the minimum energy (chosen to within 0.1 Å in the

z-direction). This was the method used to obtain the

adsorption energy surfaces of C60 on the bulk phase, thin

film phase and variably angled pentacene systems.

For the thin film and bulk phase adsorption energy

calculations, the structures of these pentacene substrates

were given by their known triclinic unit cell lattice

parameters [25,27]. For the variably angled pentacene,

however, there is no commonly accepted crystalline

structure because its structure is influenced by the
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substrate underneath. For these adsorption energy

surfaces, we performed a parameter sensitivity analysis,

varying some parameters and estimating others to

determine the adsorption energy surfaces as a function of

the angle made by the pentacene with the underlying

substrate. The exact procedure we used for this is given

in Appendix. Figure 2(a) and (b) gives schematics of

the variably angled pentacene molecules to show the

parameters involved, and Table 1 provides their values.

Angles w1 and w2 are those that the short axes of the

bottom and top pentacene molecules make with the surface

normal clockwise and anticlockwise, respectively. With w1

being the independent variable, w1 ¼ 108 corresponds to

the short axis of pentacene standing nearly upright, and

w1 ¼ 908 corresponds to the pentacene lying on its face,

flat on the surface.

The angle g is the angle between lattice vectors a and b,

as shown in Figure 2(a). Values for g were obtained by

different MD snapshots, and they ranged from about 608 to

1108, with an average of 86.58. The spread of these values

is not symmetric (see Figure A2), with the most probable

value for g being less than the average. To determine the

sensitivity of our results to the choices made for angles such

as g, we chose an additional angle to test, g ¼ 76.58,

because it is within the range of most probable values and is,

conveniently, exactly 108 less in value. More details about

the choice of g are given in Appendix. In summary, for the

adsorption energy surfaces for variably angled pentacene,

we studied two cases of g ¼ 76.58 and 86.58, and for each,

we vary w1 from 108 to 908 in increments of 108.

4. Results and discussions

4.1 MD trajectories: thin film vs. bulk

Comparing the nature of the C60 diffusion behaviour on

the two experimentally observed pentacene phases (thin

film and bulk), we found interestingly different behaviour.

Figure 3(a) and (b) shows plan views of their MD-

determined trajectories at 300K for each phase. Each point

on the graphs represents the C60 centre-of-mass point

location at 1 ps intervals for a total of 2000 points, or 2 ns.

The most obvious difference between these two trajectory

images is that there appears to be a strong anisotropic

diffusion component for the C60 diffusion on bulk-phase

pentacene (Figure 3(b)), manifesting itself as a tendency to

move in preferred directions over the surface. This is not

found on the thin film phase pentacene, Figure 3(a), which

resembles a typical random walk over the surface. This

anisotropy on bulk phase pentacene was discussed in our

Table 1. Summary of unit cell parameters considered in the formation of the hypothetical, variably angled, pentacene structuresa.

Parameter Value Obtained from/by Fixed in geometry optimisation?

a 5 Å (initial guess) Recursive minimisation Yes

b 15.6 Å MD snapshot Yes
c N/A N/A N/A
a N/A N/A N/A
b N/A N/A N/A
g 86.58, 76.58 MD snapshot Yes
u1, u2 10.18 MD snapshot u1 Yes, u2 No
w1, w2 108–908 Independent variable w1 Yes, w2 No
d12 ka/2, b, 5 Ål (initial guess) Guess No

aDescribed in detail in Appendix.

Figure 3. MD-generated x–y trajectories of the centre of mass of one C60 molecule on (a) thin film phase pentacene and (b) bulk phase
pentacene. The black dots represent the location of the molecule at 1 ps increments, for a total of 2 ns each.
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previous publication [29], but here it is described in further

detail and contrasted to the diffusion of C60 on the thin film

Pn phase. Since the only difference between these two

systems is the pentacene phase, there is something implicit

about the nature of the bulk phase Pn that causes the C60

molecule to diffuse anisotropically. To explore this

difference, we first consider the physical characteristics

of the systems. Based on the unit cell parameters of the

bulk and thin film phases of pentacene, the differing angle

of the film with the underlying surface gives rise to a

vertical distance of a thin film phase layer of 15.8 Å, while

that of the bulk phase is only 14.5 Å, as shown in Figure 1.

In terms of molecules per unit area of the Pn(001) surface,

the surface density of the thin film phase is 7% higher than

that for the bulk phase. A higher surface density suggests a

less corrugated surface with less prominent places for the

C60 molecules to get trapped. This suggestion is borne out

by the diffusion behaviour (Figure 3(b)) where there are

more locations of extended occupation in the bulk phase

than in the thin film (Figure 3(a)), suggesting that the

former has corrugations that hinder diffusion.

4.2 Adsorption energy surfaces: thin film vs. bulk

To further explore the origin of the hindered diffusion for

the bulk phase compared to the thin film phase, we look at

the details of the pentacene surface experienced by a C60

molecule through adsorption energy surfaces of C60 on

thin film (Figure 4(a)) and bulk phases (Figure 4(b)). It is

clear from these contour energy plots that the bulk phase

(Figure 4(b)) pentacene has deeper energy wells (and

higher energy peaks) that a C60 molecule can access in

comparison to the thin film phase. This is supported by the

evidence of trapping shown in the MD trajectories in

Figure 3(b). In addition, the anisotropy of the adsorption

energy surface is manifest in the diagonal low-energy

‘valleys’ (shown in aqua) and the differences between two

types of energy peaks that form between the pentacene

molecules. These diagonal valleys correspond to the

anisotropic ‘runs’ of C60 shown in Figure 3(b). In contrast,

the adsorption energy surface of the thin film phase in

Figure 4(a) is relatively symmetric, with no clearly

preferred direction for a C60 molecule to traverse and with

a set of roughly equivalent and less steep energy peaks.

4.3 Diffusion coefficients: thin film vs. bulk

Using the MD trajectory data described in Section 4.1, we

analysed the two-dimensional surface diffusion behaviour

of C60 on both thin film and bulk phase pentacene, in

addition to looking at the one-dimensional anisotropic

diffusion behaviour in the ½1 �1 0� direction of the Pn(001)

surface. For two-dimensional diffusion, the surface

diffusion coefficient, D, was obtained using the Einstein

equation, kr 2l ¼ 2dDt, where kr 2l is the observed mean-

squared displacement of the diffusing admolecule, d is the

dimension of the range of significant movement (two in the

case of surface diffusion) and t is the time. The mean-

squared displacement was measured as an ensemble

average over many time intervals; we used 141 time

origins at 100 ps intervals. Einstein’s equation is based on

the assumption that Brownian motion is present in the case

where kr 2l , t n, with n ¼ 1. If n . 1, the process is said

to be superdiffusive and, if 0 , n , 1, the process is

termed as subdiffusive [36]. In order to confirm which type

of diffusional classification represents the motion of C60

on pentacene, we determine this power-law coefficient, n,

from a log–log plot of the mean-squared displacement

vs. time. Figure 5 shows the power-law coefficient, n,

obtained at different temperatures for both the bulk phase

and thin film phases. For both phases at all temperatures,

the values for n have error bars that encompass the n ¼ 1

value, thus the behaviour of the C60 on either phase of

pentacene is indeed pure diffusion.

Regarding the Einstein equation, the values of the

surface diffusion coefficients were found by plotting kr 2l
as a function of time, t, and dividing the resulting slope

by 4 at long times. Figure 6 shows the surface diffusion

Figure 4. Adsorption energy maps of C60 on (a) thin film and (b) bulk phases of pentacene. The H letters indicate the location of the top
hydrogen positions of the pentacene molecules with which the C60 molecules are in contact. Magenta colours signify high-energy areas;
aqua colours signify low-energy areas (colour online).
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coefficients of C60 on thin film and bulk phase pentacene.

At and above a temperature of 500 K, the C60 molecule

actually desorbed from the surface during some of the MD

simulation runs, and the diffusion coefficients for those

cases were not included in the averages quoted. With fewer

diffusion coefficients in these cases, the average values

for temperatures greater than 500 K have less statistical

significance, signified by the grey background in Figure 6.

Disregarding these higher temperatures, the surface

diffusion coefficients of C60 on thin film phase were, for

the most part, higher by about a factor of 2. This is

consistent with the picture painted in Sections 4.1 and 4.2

for the ability of C60 to become trapped in low-energy

wells on the bulk pentacene surface, but not on the thin film

phase of pentacene, as evidenced by Figures 3 and 4.

Considering the temperature dependence of the

observed diffusion, shown in Figures 6 and 7, where the

data from Figure 6 are replotted as ln(D) vs. 1/kBT,

the behaviour of C60 on pentacene can be assumed to be

roughly Arrhenian. Assuming a linear fit to the data in

Figure 7, values for the prefactor (D0) and activation energy

(Ea) in the Arrhenius equation, D ¼ D0 exp(Ea/kBT), were

found to be D0 , 1.4 £ 1023 cm2/s and Ea , 0.084 eV

for the bulk phase and D0 , 6.2 £ 1024 cm2/s and

Ea , 0.045 eV for the thin film phase. The energy barrier

that the C60 needs to overcome in order to diffuse on bulk

phase pentacene is almost twice as high as that on thin film

pentacene, which corresponds well with the energy barrier

values indicated from the adsorption energy surfaces

in Figure 4.

While the anisotropic behaviour of C60 on the bulk

phase pentacene, as shown in Figure 3(b), is qualitatively

apparent by eye, in order to quantitatively describe the

diffusion of the C60 in one dimension, we map the vector

displacements onto a particular direction. Here, we

compare the diffusion of C60 in the ½1 �1 0� direction to

that of the orthogonal ½1 1 0� direction for both the thin film

and bulk pentacene surfaces. We utilise the Green–Kubo

relation for diffusion given by:

D ¼
1

d

ð1
0

kvð0Þ·vðtÞl dt ð1Þ

and the corresponding velocity autocorrelation function,

CvvðtÞ ¼ kvð0Þ·vðtÞl: ð2Þ

Formally, the Green–Kubo relation is equivalent to the

Einstein relation in the sense that it relates the macroscopic

phenomenon of diffusion to microscopic transport

phenomena. However, we use the Green–Kubo method

Figure 5. Power-law exponent, n, obtained from mean-squared
displacement vs. time (kr 2l vs. t) data from MD simulations, as
a function of temperature. The exponent n is calculated from
kr 2l ¼ 2dDt n, where n ¼ 1 yields the Einstein equation and
implies typical Brownian motion behaviour. In all cases, the MD-
derived power-law exponent is close to 1.

Figure 7. The natural logarithm of the surface diffusion
coefficient vs. the inverse of kBT, where kB is the Boltzmann
constant and T is the temperature. The dotted lines guide the eye
to the linearity of the data. Following Arrhenius’s theory, the
steeper slope of the filled square data (bulk phase Pn) corresponds
to a larger energy barrier than the open square data (thin film
phase Pn).

Figure 6. Surface diffusion coefficients of C60 on bulk phase Pn
(filled squares) and thin film phase Pn (open squares) as a
function of temperature. The grey region signifies a lack of
statistically significant data due to desorption of C60 molecules
from the pentacene substrate.
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here with velocity autocorrelation functions to provide

a measure of direction relative to the velocity at non-

equilibrium time spans. As for the ensemble average,

normally this involves an average of values of a large

number of particles; however, in this case, we have one

particle, so the ensemble average becomes an average over

values at different time origins, as shown in the equation

kvð0Þ·vðtÞl ¼
1

Norigins

XNorigins

k¼1

vðtkÞ·vðtk þ tÞ; ð3Þ

where Norigins ¼ Nsteps 2 tþ 1.

To obtain the directional diffusion coefficients, D1�10

and D110, the Green–Kubo equations become:

D1�10 ¼
1

d

ð1
0

kv1�10ð0Þ·v1�10ðtÞl dt; ð4Þ

D110 ¼
1

d

ð1
0

kv110ð0Þ·v110ðtÞl dt; ð5Þ

where the integrations of the autocorrelation functions

were performed numerically.

Figure 8 shows these one-dimensional diffusion

coefficients as a function of temperature for both the thin

film and bulk phase pentacene. For the thin film phase,

there is no significant difference between diffusion of C60

in the ½1 �1 0� and ½1 1 0� directions, as further evidenced by

the lack of anisotropy shown in Figures 3(a) and 4(a).

However, for the bulk phase, diffusion in the ½1 �1 0�

direction is consistently higher than that in the ½1 1 0�

direction, which provides a quantitative assessment of the

anisotropy in the diffusion phenomena for this bulk phase

polymorph.

4.4 Variably angled pentacene

For the situations in which we allow the angle between the

short axis of the pentacene molecules and the surface to

vary (from 108 to 908), we did not consider the dynamic

properties of C60 on this pentacene surface because it was

unknown to us how to accurately tune the intermolecular

forces of the substrate beneath the pentacene such that the

system would (spontaneously) give rise to the various

angles we wished to study. Fixing the pentacene layer

beneath the top flat layer of pentacene would have been an

option, but since this bottom layer of pentacene is within

the range of the C60 potential, making that lower layer

rigid would have been unrealistic for dynamic simulations

and could have led to unpredictable consequences. Thus,

for the variably angled pentacene studies, we considered

only the potential energy surface, which (as we have

reported in Sections 4.1 and 4.2 for bulk and thin film

pentacene) is likely to mirror the results obtained fromMD

simulations. Accordingly, we calculated the static adsorp-

tion energy surface of C60 on pentacene at various short-

axis angles to the surface as shown in Figure 9 and used

that as the metric for the behaviour of these situations.

Since the pentacene film in Dougherty et al.’s work is

the only one in the literature that has observed nanowire

formation of C60 on pentacene, we chose this as our test

system. As described in Section 3.2 and Appendix, we

emulated Dougherty et al.’s flat-lying pentacene system by

also using two layers of pentacene and varying the short-

axis angle w1 that controlled the pentacene film’s degree of

‘flatness’ on the surface. We then observed the effect this

had on the adsorption energy surface. We considered how

the value of w1 affects both the depth of the energy wells,

i.e. to provide sites of likelier adsorption, and the width of

the energy wells to see their ability to accommodate the

C60 molecule in a suitably sized ‘pocket’ on the surface.

The contour plots in Figure 9 show adsorption energy

surfaces for g ¼ 76.58 as we vary w1 (shown for 108, 508

and 908). The angle g is the angle between lattice vectors a

and b, as shown in Figure 2(a), and the g ¼ 76.58 choice is

discussed in Section 3.2 and Appendix. Although more

data for the contour energy plots were taken at

intermediate values of w1, this set of contour plots in

Figure 9 shows the general trend. The contour plots for

g ¼ 86.58 (left out in Figure 9) looked qualitatively very

similar to those of g ¼ 76.58, implying that the adsorption

energy patterns are not overly sensitive to the choice of g.

From Figure 9, one can see the interesting observation of

the position shift of the dominant energy minima from

between the rows (at low values of w1) to within the rows

(at high values of w1). This shift implies that the likelihood

of forming horizontal (x-direction) C60 nanowires on

pentacene is more likely at extreme values for w1 (e.g. 108

or 908) where there would be a clear preference for C60 to

be located between a row or within a row. For intermediate

Figure 8. One-dimensional diffusion coefficients of C60 on Pn
in the ½1 �1 0� direction (solid lines) and the ½1 1 0� direction
(dashed lines). There is a directional bias for diffusion on the bulk
phase substrate (filled squares), but not for the thin film phase
substrate (open circles). Consistent with Figure 6, C60 diffusion
coefficients for bulk phase Pn have consistently lower values than
for the thin film phase.
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values of w1, there is no such clear preference for

horizontal C60 nanowires.

Figure 10(a) and (b) shows data taken from the surface

energy plots that allow one to see more clearly where the

dominant minimum energy transition occurs. Figure 10(a)

shows the values of the energy minima both within and

between the rows as we vary the angle made by the

pentacene with the underlying substrate. The energy

minimum transitions from being between pentacene rows

to within the pentacene rows are at an angle of about

w1 ¼ 508.

In addition to the depth of the energy wells, the width

of the wells is also very important for determining the

likelihood of C60 to reside in a particular site. If the C60

molecule cannot fit in a potential energy well, it is unlikely

to reside there no matter how deep the well is. The wells

occurring within the rows are ellipsoidal in shape, but the

length in the x-direction (from saddle point to saddle point)

was chosen to represent the ‘width’ of the well because it is

the limiting dimension. The width of wells between rows

was taken to be the width of the valley, specifically the

maximum-to-maximum distance in the y-direction across

the valley. Figure 10(b) shows the trend of these widths

with the angle adopted by the pentacene (or its degree of

flatness to the surface). At w1 ¼ 608, a transition occurs

from a dominating between-row well width at low w1

values to a dominating within-row well width at high w1

values. This result corresponds approximately to the same

transition shown in Figure 10(a); thus, the wider the energy

well, the lower its energy.

Figure 10. (a) Minimum energy and (b) width of the energy
wells extracted from adsorption energy maps as a function of
angle w1. Solid lines correspond to the g ¼ 86.58 case; dashed
lines to g ¼ 76.58; filled squares correspond to energy wells
between molecules within the pentacene rows, open circles
correspond to those between the pentacene rows. The schematic
diagram above both (a) and (b) illustrates the concept that higher
values of w1 could be expected to yield more stable C60

nanowires.

Figure 9. Contour adsorption energy plots of variably angled
pentacene, at w1 ¼ 108, 508 and 908, for the g ¼ 76.58 case, with
the key as in Figure 4. A stretch occurs in the x-direction for
higher values of w1 in order to physically accommodate the
pentacene molecules.
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We can ascertain the ability of a well to ‘swallow’ a

C60 molecule into the surface by comparing the well

widths on the pentacene surface to the diameter of C60

molecules; horizontal lines are shown in Figure 10(b) for

the atom–atom and van der Waals diameters. Although

both of these diameters are greater than any of the well

widths obtainable by varying the angle that the Pn

molecule adopts on the surface, clearly the greater the

width of the well, the more likely a C60 molecule will

reside there. For nanowires to form, it is probably

unnecessary for the surface to engulf the C60 molecule; it

only needs to ‘cradle’ it sufficiently well to be structure-

directing. Summarising the results for the energy wells

between rows: they are lower in energy and wider in width

at low values of w1 (with the width reaching about 80% of

the C60 atom–atom diameter and 55% of the van der Waals

diameter) compared to high values of w1. The energy wells

within rows are lower in energy and wider in width at high

values of w1 (with the width reaching roughly 100% of

the atom–atom diameter and 70% of the van der Waals

diameter) as compared to low values of w1.

It is also important to compare these predictions to the

experimental results of Dougherty et al., who found

nanowires forming for a system characterised by a w1

angle of about 608. Although it is difficult to tell if

Dougherty et al.’s scanning tunnelling microscope (STM)

images show nanowires occurring within or between rows,

our results would predict that, at w1 ¼ 608, nanowire

production would be more viable for C60 molecules

located within Pn rows as judged more by the favourable

energy and less by the width of the wells.

If one considers the lowest overall energy in

Figure 10(a), the most stable configuration for the C60

occurs within a row of the flattest pentacene configuration,

at w1 around 908 (as illustrated in the schematic energy

diagram ‘cartoon’ in Figure 10). However, the extreme

w1 ¼ 908 configuration appears unlikely because it

minimises overlap with the neighbouring pentacene

molecules’ p-orbitals. At very low values of w1, we

predict that metastable configurations of C60 might exist

between the rows. Although one may not be able to control

where the C60 ends up on the surface at thermal deposition

conditions, these results suggest that by altering the short-

axis tilt angle (long axis flat) of the bottom pentacene

layer, which is achieved in experiments by choosing an

appropriate substrate (e.g. varying the work function of the

substrate metal), one could create a surface that

encourages oriented growth of C60 nanowires.

5. Conclusions

In this paper, we have quantified the ability of the angular

orientation of pentacene within a film to alter the

diffusional and nanoscale adsorption properties of C60

through a computational study of Pn polymorphs. We have

shown that C60 diffusion coefficients on thin film phase

pentacene are approximately twice as high as that on bulk

phase pentacene for experimentally realisable tempera-

tures (200–400K). This implies that C60 might have better

growth properties on thin film phase pentacene because a

higher diffusion coefficient generally leads to a greater

tendency to wet the substrate and grow in an ordered

fashion. The reasons for the lower diffusion coefficient of

C60 on bulk phase pentacene were shown to be due to

energy traps on the surface. In addition, C60 growth on

bulk phase pentacene is probably less desirable because of

its tendency for anisotropic diffusion, which could lead to

unpredictable island shapes.

In our studies to emulate pentacene adsorbed on metal

substrates, in which we varied the angle, w1, adopted by

the short axis of the Pn molecules from 108 to 908, we

have used information about the width and depth of the

adsorption energy wells to suggest whether nanowire

formation is likely to occur. Low-energy sites on the

adsorption energy surfaces switch from being located

between the pentacene rows (short axis normal to the

surface) to within the pentacene rows (short axis flat

against the surface) as w1 increases. We suggest that this

indicates a predilection for C60 nanowire production to be

influenced by the angle adopted by the pentacene layers.

We predict a more stable energy minimum within the Pn

rows incorporating wells that are wide enough to cradle C60

molecules in such a way as to promote nanowire formation

and occurring at a tilt angle of about 508–608, in good

agreement with Dougherty’s experiments. If Dougherty

et al.’s STM images indeed show nanowires adsorbed

within the Pn rows, their results – the only existing

experimental evidence of C60 nanowire formation on

pentacene – are fully consistent with ours. However, we

also predict that less energetically stable nanowires could

also be formed at a different orientation, i.e. between Pn

rows, at low values of w1. Further experimental evidence to

confirm these predictions would help complete this picture.
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Appendix

In studies where we vary the short-axis angle of the pentacene
molecules with the substrate, it is important to obtain the most
realistic pentacene surface that a C60 molecule is likely to
encounter, given that we do not know the characteristic unit cell
parameters for all these hypothetical situations. To address the
lack of unit cell parameters, we have devised a procedure
described below and summarised as a flow chart in Figure A1,
which involves a series of potential energy minimisations using
MM3, as a means to provide realistic tilted pentacene structures.

In this appendix, we describe a ‘flat’ pentacene unit cell as
having two pentacene molecules: one, denoted with the number 1
as Pn1, lies on the bottom directly above some unspecified
substrate material. The other, denoted with the number 2 as Pn2,
lies on top and slightly askew of Pn1 making a total of two
pentacene layers per unit cell (see Figure 2). The unit cell
parameters found from the procedure described in Figure A1 are
summarised in Table 1. Since Pn1 and Pn2 comprise a one unit cell
thick layer, the unit cell parameters c, a and b are irrelevant. The
independent variable is the angle w1 made by Pn1’s short axis with
the surface normal (see Figure 2(b)), assuming that Pn1’s long
axis is parallel to the substrate. The lattice parameter, a, depends
on the value chosen for w1, with larger a values corresponding to
larger w1 values. The lattice parameters, b and g, which are
assumed not to vary with w1, were obtained by MD snapshots
similar to the one shown in Figure A2. The angles u1 and u2 are the
anticlockwise angles that the long axes of Pn1 and Pn2,
respectively, make with the b unit cell vector (see Figure 2(a)).
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The u2 values were also extracted from MD snapshots, and we
assumed that u1 ¼ u2 initially.

An MD simulation of pentacene on a silicon substrate (see
snapshot in Figure A2) was used to obtain the parameters b, g and
u2 described above. Although MM3 potential parameters for
silicon have not been optimised for this system, we knew from
our earlier work that it was sufficiently realistic to cause the
pentacene to lie face down on the substrate, the only necessary
prerequisite. The MD simulation was performed with 48
pentacene molecules on a Si(001) surface, which was three
atomic layers thick. Periodic boundary conditions were applied in
the x- and y-directions to allow the face-down pentacene cluster
to move freely. The simulation was thermalised at 300 K in the

constant-temperature NVT ensemble for 50 ps and then run in the
NVE ensemble for 2 ns.

Taking five different snapshots, each 300 ps apart, we
extracted values for b and g (excluding the molecules on the
edges) by calculating the centre-to-centre distances of the top
layer pentacene molecules. For both b and g, there were 10 values
to extract in each snapshot, making a total of 50 values of b and g.
These values are shown as histograms in Figure A3(a) and (b). As
illustrated in Figure A3(a) and (b), the average value for the
lattice parameter b is 15.6 Å and that for g is 86.58. The
distribution for g is skewed in the positive direction, so the most
probable value is less than the exact average value. We speculate
that this is due to our capturing some shearing event of the unit
cell rows with respect to one another.

In this paper, we also consider the case where g ¼ 76.58, to
see the effect of a 108 change in g on the energy properties of the
surface. This change represents our uncertainty in g and allows us
to gauge the sensitivity of the results to our choice of g. The
values for u2 were also extracted from these snapshots, but, in this
case, both the edge molecules and the top and bottom row
molecules were excluded to ignore any edge effects. There were
five values of u2 to extract in each snapshot, making a total of

Figure A3. Histograms of extracted values of parameters (a) b,
(b) g and (c) u2 from five MD snapshots. Histograms of b and g
are based on 50 values, that for u2 is based on 25 values.

Figure A1. Schematic diagram of the process used to determine
the approximate structure for variably angled pentacene
polymorphs.

M
on
o
P
ri
n
t;

C
ol
ou
r
on
ln
e

Figure A2. MD snapshot of two layers of 24 pentacene
molecules (48 total molecules) on three atomic layers of a Si(001)
surface. Aqua-coloured carbon atoms and white hydrogen atoms
make up the pentacene molecules; yellow-coloured silicon atoms
make up the Si(001) surface (colour online).
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25 values of u2. These values are shown as a histogram in
Figure A3(c). The distribution of u2 values appears to be
reasonably uniform, with an average value of 10.18.

Once the values for b, g and u2 were obtained from the MD
snapshots, we could begin to create a 17 £ 5 unit cell layer of
the flat pentacene without a substrate. As an initial configuration,
we assume that u1 ¼ u2, w1 ¼ w2 and that the distance vector

between Pn1 and Pn2, denoted as d12, is k1
2
a, 0, 5 Ål. The next step

is to determine appropriate values for a based on a given value of
w1. We varied w1 from 108 to 908, in increments of 108, and for
each value of w1, different values of a were tested. For each a–w1

combination tested, we fixed the bottom pentacene layer and
allowed the top pentacene layer to relax in a geometry
minimisation. For a particular value of w1, we choose the value
of a (to within a tenth of an angstrom) for which the geometry-
minimised structure had the lowest energy; the other non-
minimising a values are not considered. The values of a that gave
minimum energy configurations for different values of w1 are
shown in Figure A4 for two cases of g ¼ 76.58 and 86.58. There is
no significant difference between the lattice parameter a values
for g ¼ 76.58 and 86.58, but each a–g–w1 combination, as shown
in Figure A4, is treated as a unique system for subsequent
calculations.

At this point, it is beneficial to double-check some of the
values obtained so far against those in the literature. Kang et al.
[15] grew two layers of pentacene lying flat on Au(111) at room
temperature and found a, b and g values of 5.7 Å, 15.5 Å and 848,
respectively, through high-resolution STM imaging. Dougherty
et al. [30] grew two layers of pentacene lying flat on Ag(111) at
room temperature and calculated b to be 16 Å through high-
resolution STM imaging; values for a and g were not given. Even
though Kang et al. used a gold substrate and Dougherty et al. used

Figure A4. Lattice parameter, a, as a function of w1, the degree
of ‘flatness’ of the pentacene molecules on the substrate for both
g ¼ 76.58 (dashed line) and g ¼ 86.58 (solid line).

Figure A5. Convergence of the middle row of 17 £ 5 pentacene molecules in the geometry-minimised variably angled pentacene
structures. The convergence is measured by (a) the vector components of the top pentacene molecule in each unit cell and (b) the distance
between the top and bottom pentacene molecules in each unit cell.
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a silver one, their values for b match quite nicely with one another
and importantly, match our calculations with a value of
b ¼ 15.6 Å. Kang et al.’s values for a and g also match up
quite well with the values that we found (a ¼ ,4–7 and
g ¼ 85.68) through MD simulation and energy minimisations.

To create a ‘flat’ pentacene surface for the adsorption energy

calculations, we extract the middle unit cell from the geometry-

minimised 17 £ 5 unit cell structure for each g–w1 combination

as the exemplar for the system. But to make sure that the 17 £ 5

unit cell structures were large enough that the middle unit cell has

a converged structure, we calculated the vector components of the

long axis for the top pentacene molecules for all of the top

pentacene molecules in the middle row (see Figure A5(a)).

We also checked the d12 vector components to make sure that

they converged (see Figure A5(b)). Unlike in most convergence

graphs, the convergence seen in Figure A5 occurs towards the

centre (x ¼ 0, where x refers to the nth pentacene in the middle

row). Each top pentacene molecule in the middle row of the

17 £ 5 structure corresponds to one of the 17 points on the x-axis.

Thus, according to Figure A5, the overall structure of the middle

unit cell does indeed converge towards the centre.
In addition to determining the sufficiency of convergence of

the structure of the middle unit cell, it is important to point out

how much w2 and u2 changed from their initial values, set equal

to w1 and u1, respectively. As shown in Figure A6(a), for the w2

values, there is only significant divergence from the initial value

at low w1 values. Low w1 values also correspond to low lattice

parameter a values. Low values of a correspond to a more

compact unit cell, explaining why w2 values are higher at lower

w1. As shown in Figure A6(b) for u2 values, there is only

significant divergence from the initial value at higher w1 values,

especially for the g ¼ 86.58 case.
After achieving sufficient convergence of the structure of the

middle unit cell in each case, as shown in Figure A5, we repeated

these unit cells in a 9 £ 5 array for each g–w1 combination.

We choose a 9 £ 5 array because it is large enough to avoid any

edge effects of the adsorption energy calculations and it is small

enough that the calculations do not take too long. These 9 £ 5

arrays for each g–w1 combination are the structures used for the

C60 surface adsorption energy calculations shown in Figure 9.

Figure A6. For each w1, deviations of the (a) optimised w2 and
(b) optimised u2 via geometry optimisation as compared to their
initial values, w1 and u1, respectively.
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