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T
he device-level characteristics of thin-
film electronic and optoelectronic
devices where the active layers are

composed of π-conjugated organic mol-
ecules and polymers;including organic
field-effect transistors (OFETs), light-emitting
diodes (OLEDs), and photovoltaics (OPVs);
are often dictated by the many buried
materials interfaces within the device archi-
tecture. The manner with which molecules
arrange themselves at these interfaces im-
pacts the intrinsic geometric and electronic
properties of individual molecules as well
as the strength of intermolecular electronic
communication among neighboring mol-
ecules and any adjacent substrate. Such

considerations, therefore, must be taken
into account during the molecular design
process should one want to truly control
finalmaterials-scale properties through syn-
thetic chemistry.
Focusing here on OFETs, detailed molec-

ular and nanoscale information pertaining
to the interface between the active layer
and the dielectric (whether the dielectric is
an inorganic- or organic-based material) is
vital to the realization of thin-film devices
with enhanced operating efficiencies; it
allows, for instance, the development of
materials and device architectures to maxi-
mize charge-carrier injection, transport, and
collection.1,2 In particular, since charge-carrier
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ABSTRACT Charge-carrier transport in thin-film organic field-

effect transistors takes place within the first (few) molecular layer(s)

of the active organic material in contact with the gate dielectric.

Here, we use atomistic molecular dynamics simulations to evaluate

how interactions with bare amorphous silica surfaces that vary in

terms of surface potential influence the molecular packing and

dynamics of a monolayer pentacene film. The results indicate that

the long axis of the pentacene molecules has a non-negligible tilt

angle away from the surface normal. Grazing-incidence X-ray

diffraction patterns for these models are calculated, and we discuss

notable differences in the shapes of the Bragg rods as a function of the molecular packing, also in relation to previously published experimental reports.

Intermolecular electronic couplings (transfer integrals) evaluated for the monolayers show marked differences compared to bulk crystal calculations, a

result that points to the importance of fully considering the molecular packing environment in charge-carrier mobility models for organic electronic

materials.
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transport takes place within the first few molecular
layers nearest the dielectric3�5 and as this process is
heavily dependent on the degree of the intermolecular
electronic couplings (transfer integrals),2 an a priori

understanding of how the molecules pack at the inter-
face is indispensable.
While there are now hundreds of materials designed

for either p-channel (where the charge carrier is a hole)
or n-channel (where the charge carrier is an electron)
transport,6�12 pentacene continues to serve as a
benchmark system due to good thin-film p-channel
transport on a number of dielectrics,13�16 including
amorphous silica (RSiO2).

17,18 In addition, there has
been considerable experimental and theoretical
work to characterize the structural properties of pen-
tacene thin films as a function of these dielectric
interfaces,16,17,19�23 for both mono- and multilayer
films. The nature of the surface on which pentacene
is deposited has an influence on the molecular pack-
ing, either favoring a flat/parallel (on, for example,
graphene, Cu, and Au)24�26 or upright/perpendicular
arrangement (on polymethylmethacrylate [PMMA], Si,
and RSiO2)

15,17,27 with respect to the substrate.
A variety of X-ray diffraction and atomic force micro-

scopy experiments have established that the (long
axis) height of an upright pentacene molecule on
RSiO2 ranges from 14.0 to 16.0 Å,27�33 suggesting that
the long axis of the pentacene molecules orient
(nearly) perpendicular to the RSiO2 surface. Grazing-
incidence X-ray diffraction (GIXD)17,27 experiments re-
veal further information concerning the relative pen-
tacene orientations within the herringbone packing
configurations by allowing for the decomposition of
the total tilt angle along the a and b crystallographic
axes (these axes are parallel with respect to the
RSiO2�pentacene interface); the decomposition is
denoted here as [ψa, ψb], where the total tilt ψtot is
defined by cos(ψtot) = cos(ψa) 3 cos(ψb); see Figure 1b.
Differences in terms of the respective long-axis tilt
angles and decomposition have been ascertained
and are proposed to be a function of the thickness of
the pentacene films formed: for instance, the total
long-axis pentacene tilt angle for a 48 nm (fiber-
structured) thin film is 8.2� with a decomposition of
[5.6�, 6.0�] and layer height of 15.4 Å;27 on the other
hand, pentacenemolecules at submonolayer coverage
stand perfectly upright (0� tilt and a decomposition of
[0�, 0�]) with a layer height of 16.0 Å.17 These differ-
ences in tilt angle and layer height, while modest, have
been suggested to arise from shorter a axis length;
for submonolayer coverage, it is on the order of
5.90�5.92 Å compared to 5.96 Å in the thin-film phase.
Notably, both of these a axes aremuch shorter than the
bulk a axis (6.27 Å).17

Here, our aim is to employ atomistic molecular
dynamics (MD) simulations to investigate the molecu-
lar packing and dynamics of pentacenemonolayers on

RSiO2. As a first step, we consider the bare RSiO2

interface, which has implications concerning the nat-
ure of the available packing configurations. Calculated
grazing-incidence X-ray diffraction patterns based on
the atomistic models reveal notable differences in the
shapes of the Bragg rods as a function of themolecular
packing. We then examine how differences in the
monolayer morphologies affect the intermolecular
electronic couplings (transfer integrals), which show
markeddifferences compared tobulk crystal calculations.
These results point to the importance of fully considering
the molecular packing environment in charge-carrier
mobility models for organic electronic materials. A major
result of our study is that surface inhomogeneity at the
nanometer scale, the scale over which the simulations
wereperformed, canhaveconsiderable impactonmono-
layer packingand thusoncharge-carrier transport in thin-
film organic electronic materials.

RESULTS AND DISCUSSION

rSiO2 Slab Morphologies. Through the simulation pro-
cedure described in detail in the Computational Meth-
odology section, we prepared four bulk RSiO2 samples
that were then cut to produce theRSiO2 slabs. The four
bulk RSiO2 samples feature very similar average values
with respect to the Si�O bonds (1.64 Å) and O�Si�O
angles (109.0�), which are in good agreement with

Figure 1. (a) Dimensions of the monolayer pentacene unit
cell17 used in this work and (b) a pictorial representation
of the tilt angle decomposition. (c) Representative snapshot
of the RSiO2�pentacene interface (substrate 3, see below)
after a 2.5 ns MD simulation.
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experiment (1.62 Å and 109.3�, respectively).61 We do
note a small deviation of the Si�O�Si angleswith respect
to experiment; experimentally the Si�O�Si angle distri-
bution is 120.0�180.0� with a median of 144.0�,61 while
the COMB-simulated morphologies provide Si�O�Si
angles that span 110.0�160.0� with a median of 135.6�.

The surface roughness for the slabs cut from the
bulk samples was estimated using the rolling sphere
technique62 with a probe radius of 1.7 Å. The surface
roughness was found to range from 2.0 to 2.5 Å. In prior
studies on the influence of dielectric roughness on
the performance of pentacene thin-film transistors
(TFTs), such degrees of surface roughness have been
considered “smooth” with respect to experimental
measurements.19 The charge distributions of the O
and Si atoms are described by narrow Gaussian dis-
tributions centered at �1.47 |e| and þ2.88 |e|, respec-
tively. As we discuss below, the charge distribution at
the slab surface plays a substantial role in themorphol-
ogy of the pentacene monolayers; we note that in
these SiO2 realizations there is a stochastic overrepre-
sentation of oxygen atoms at the surface.

rSiO2�Pentacene Monolayer Interface. The results of
the RSiO2�pentacene-monolayer interface simula-
tions (Figure 2) show good agreement with estimated
experimental values for the pentacene layer height
(14.5�16.0 Å), with mean layer heights of 15.75 (
0.61 Å (1), 15.70 ( 0.59 Å (2), 15.95 ( 0.84 Å (3), and
15.72 ( 0.28 Å (4), where the numbers (1�4) refer to
the different RSiO2 slabs (see Section 2.1). It is clear by
visual inspection that the pentacene molecules are
arranged in a mostly upright orientation with respect
to theRSiO2 surface (see Figure 1c). Themean total tilt
angles on the four surfaces;15.3 ( 0.8� (1), 15.8 (
0.9� (2), 11.7( 1.0� (3), and 15.7( 0.8� (4);are clearly
not zero, although the results are in accord with
previous theoretical evaluations.22,32 The (average)
monolayer heights and molecular tilt angles (after
equilibration) show little change with time (Figure 2).

At this stage, it is of interest to compare aspects of
the simulations employed here with those of previous
studies. Our simulations, as noted above, make use of
intermolecular non-Coulomb terms that are validated
against crystalline structures and intermolecular vibra-
tions of pentacene polymorphs, while electrostatic
interactions are carried out with 2D Ewald summa-
tions. Periodic boundary conditions are used to reduce
boundary effects, and the pentacene molecules sare
allowed full flexibility (i.e., the pentacene molecules
are not enforced to be rigid). Finally, theRSiO2 slabs are
atomistic models with equilibrated charges (from bulk
simulations that reproduce well the properties of
bulk RSiO2),

55�57 which allow us to take into account
differences in surface roughness and electrostatic po-
tentials (see below). The use of a fully atomistic study
is aligned with the earlier work of Della Valle and
co-workers,22 who adopted models that employ

clusters of rigid pentacene molecules in either bulk-
like or thin-film-like configurations on atomistic RSiO2

slabs. The bulk-like configuration was shown to be
stable throughout the simulations, while the tilt angle
distributions for the thin-film configuration broadened
with time. Simulations by Yoneya and co-workers,23

importantly, resulted in nontilted (perpendicular) pen-
tacene orientations for periodic monolayers, which
then showed increased tilt with increased number of
pentacene layers. However, these authors considered
the RSiO2 surface via a nonatomistic representation
(i.e., through a Lennard-Jones (9�3) potential), and
both the noncovalent and electrostatic interactions
among the pentacene molecules were given different
forms from those used here. A feature of our work is
that the simulations are fully atomistic with the aim to
simulate monolayers with as few constraints as possi-
ble. This is of importance, as differences in the surface
(and/or surface termination) can lead to significant
changes in film orientation (see below).

Although the total tilt angles indicate a mostly
upright pentacene orientation in the monolayer,
these values are larger than those derived from the
(submonolayer coverage) GIXD experiments. The total
tilt angle is a property that describes the overall
molecular orientation and provides no insight con-
cerning either the direction of the molecular tilt or
the molecular dynamics. In order to better compare
the calculated and experimental values, we analyzed
the tilt angle components and their fluctuations in
time. We observe a mean decomposition across all
pentacene molecules in the simulated monolayers
([ψa, ψb] along the a and b axes, respectively) of
[15.0�, 0.5�] (1), [2.0�, 15.2�] (2), [11.3�, 0.9�] (3), and
[0.0�, 14.9�] (4), where 1 and 3 are in agreement with
previous theoretical estimates of [11.0�, 0.0�].32 Inter-
estingly, the tilt-angle decomposition indicates that
the molecules tilt preferentially along the a axis on
surfaces 1 and 3 and along the b axis on surfaces 2 and

Figure 2. Layer height (top) and the total tilt angle (bottom)
fluctuations with time during the MD simulations. The
colors refer to the silica slabs as indicated.
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4 (see Figure 3b). Although tests with larger systems
show similar results, we emphasize that the homoge-
neity of the tilt angle values may be reinforced by the
periodic boundary conditions. For the remainder of
this work we will refer to these two types of morphol-
ogies as A and B, respectively. Analysis of the tilt-angle
component evolution with time (see Figure 3a) shows
that the molecular tilt is nearly constant throughout
the 4 ns simulations, although dynamical deviations of
up to ∼5� are observed for the larger tilt-angle com-
ponent compared to ∼2� for the smaller angle with
standard deviations (σ) ranging from 1� to 3�. Notably,
these tilts differ quite substantially from the experi-
mental estimates of [5.6�, 6.0�]27 and [0�, 0�],17 even
though the experimentally estimated monolayer
heights (15.4 and 16.0 Å, respectively) are comparable
to the heights determined here. We recall that the
pentacene molecules in our simulations were allowed
full flexibility and not kept rigid as in refs 17 and 22,
thus allowing full accommodation of the pentacene
molecules within the layer.

It is therefore of interest to investigate further
the nature of these differences with previous results,

especially as a function of the simulated RSiO2 sur-
faces. In an attempt to verify the dependence of
the molecular tilt on the nature of the different
RSiO2�pentacene monolayer interactions, the sub-
strates that produced pentacene monolayers of type
A were exchanged with those that gave type B; the
switched systems were then equilibrated for 4 ns.
Interestingly, changing the underlying substrate drove
the orientation of the pentacene monolayer to the
other configuration; that is, the monolayer with the
A-typemorphology was driven to the B-type morphol-
ogy by the RSiO2 surface that initially produced the B
morphology, and vice versa.

The origin of theA andBmorphologies results from
a competition between the pentacene/pentacene and
pentacene/RSiO2 interactions. As a first gauge of pos-
sible differences among the slabs that could be driving
these morphological changes, the electrostatic poten-
tial of the surface experienced by the pentacene
molecules (at a distance 10 Å above the RSiO2 slabs)
was examined (Figure 4). Substantial differences
among the simulated substrates were found, with slabs
1 and 3 having more negative character; although all
four surfaces have large oxygen content at the inter-
face, the oxygen atom densities in 1 and 3 are larger
than in 2 and 4. Importantly, the surfaces that lead
to the A pentacene configuration display average
electrostatic potentials (Cpot), based on the equili-
brated COMB atomic charges at 10 Å from the surface,
of �10.0 V (1) and �14.7 V (3), while the surfaces that
lead to the B configuration display potentials of�1.5 V
(2) and þ3.9 V (4).

To gain more insight into these results, additional
MD simulations were performed setting the charges
of all Si and O to zero, thus mimicking a neutral
(uncharged) surface. In this scenario, the molecules
on all substrates pack in a fashion that is equivalent
to the A morphology; we note that morphology A is
∼1.0 meV/molecule (0.13 eV for 128 molecules) more
energetically favorable than B. These results indicate
that surfaces with high oxygen content (fully negative
surface potential) and neutral surfaces induce packing
configuration A and those either with fully positive
surface potential due to large silicon content (4) or with
mixed positive and negative areas (2) induce config-
uration B.

It is of interest to understand how differences
among the empirical and theoretical tilt angles might
manifest themselves in GIXD patterns, as this is a key
experimental technique for the investigation of thin-
film structures.17,27,32,63 The intensity patterns were
calculated using SimDiffraction,64 assuming Cu KR
radiation (λ = 1.542 Å), an incidence angle of 0.2�,
and a peak width of 0.015 Å�1 accounting for both the
intrinsic width and instrumental broadening. Lorentz
and polarization corrections were included as de-
scribed elsewhere. Notably, refraction effects were

Figure 3. (a) Fluctuation in time of the average total tilt
angle and its components along a and b for samples 1 and
3 (top) and 2 and 4 (bottom). (b) Illustration of the A
(substrates 1 and 3) and Bmolecular packing configurations
(substrates 2 and 4). The peaks indicated by stars character-
ize group motions induced by intermolecular interactions.
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included, giving rise to the Vineyard65 feature of
increased intensity just above the sample horizon (cf.
Figure 4 and Figure 5). For the MD structures, corre-
spondingGIXDpatternswere calculated assuming that
theMD structures are representative for domains in the
monolayer structure with random in-plane orienta-
tions, referred to as “2D powder”. Following basic
scattering theory, the Bragg peak positions from the
2D structure are defined by the unit-cell dimensions
a, b, and γ. Because the previously published unit-cell
dimensions for a pentacene monolayer17 were used as
a constraint in the MD simulations, the calculated Qxy

positions of the peaks thus necessarily match the
experimental data. For a monolayer, there is no repeti-
tion in the out-of-plane direction, leading to so-called
Bragg rods extending along Qz in reciprocal space.66

The intensity distributions along the Bragg rods de-
pend on the molecular decoration of the unit cell. As
anticipated from the considerable total tilt given by the
MD results and the qualitative difference between
the A and B structures, the calculated scattering pat-
terns are qualitatively different. Figure 5 shows GIXD
simulations for the A (substrate 3) and B (substrate 4)
structures and also for a unit cell containing perfectly
upright pentacene molecules. The simulated scatter-
ing pattern based on the perfectly upright structures
shows good qualitative agreementwith the experimental

scattering pattern published by Mannsfeld and co-
workers,17 as expected. Likewise, for the (tilted) A and
B structures, the simulated patterns differ significantly
from the experimental pattern, with a more complexQz

behavior of the Bragg rods.
The differences in the simulated GIXD patterns

suggest that one should readily be able to discriminate
these different structures with current experimental
accuracy. However, it has proven challenging to dis-
tinguish the patterns of a perfectly perpendicular
orientation from those with a total tilt angles ψtot

varying by less than a few degrees (Figure 6). For
ψtot = 3�, the variation between the intensity patterns
obtained for different decompositions is rather small,
appearing to bewithin the experimental uncertainty of
published work,17,27 and to experimentally distinguish
between these and related monolayer models could
thus be challenging. As expected, for a larger total tilt
of ψtot = 5�, the differences between the scattering
patterns become more significant, and the intensity
variations as a function of decomposition both within
specific Bragg rods and between the rods facilitate
discriminating between different models. These con-
siderations emphasize the need to report uncertainty
when describing detailed molecular models based on
GIXD. Statements like “the molecules are oriented
edge-on” should hence be regarded as approximate.

Figure 4. Electrostatic potential landscape of the four RSiO2 surfaces determined at a distance 10 Å above the RSiO2 slabs.
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These results, in total, suggest that seeminglyminor
(experimental and theoretical) nonuniformities in the
surface structure;and in particular as shown here the
electrostatic interactions at the bare RSiO2 interface;
can lead to substantial morphological changes of a
molecular monolayer at the nanometer length scale.
From the perspective of molecular dynamics simula-
tions, great care should be taken in the preparation and
reporting of simulated surfaces, as seemingly modest
differences can lead to strikingly different interpreta-
tions of the nature of such interfaces.

An important aspect as well will be to examine how
different surface treatments, e.g., through hydrogen

atom termination or the presence of water molecules
on the surface, can contribute to resolving the discre-
pancy between the larger theoretically determined tilt
angles (both here and in refs 22 and 32) compared to
those reported by GIXD experiments,17,27 and more
generally how to tune molecular structures on surfaces.
For example, priming the substrate with a monolayer
of octadecyltrichlorosilane is a frequently used method
to increase the performance of organic field-effect
transistors,67 which we anticipate will be better under-
stood in the future using the methods described here.

Intermolecular Electronic Coupling as a Function of Molecular
Packing in the Monolayer. It is of interest to consider how

Figure 5. [Left] Calculated GIXD patterns based on the atomic coordinates of the simulated monolayer systems and [right]
plot of the intensity along the Bragg rods in the simulated GIXD patterns to the left for (a) the upright morphology
corresponding to a unit cell with two pentacene molecules oriented perpendicular to the surface and (b, c) systems 3 and 4,
respectively.
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the structural differences between the monolayer and
the bulk influence charge-carrier transport; this can be
accomplished by evaluating the amplitudes of the
intermolecular electronic couplings (transfer integrals)
t.68 Since the electronic couplings are highly sensitive
to both the relative spacings and spatial orientations of
neighboring molecules,1,69 we expect different elec-
tronic couplings arising from the A and B monolayer
morphologies.21 Furthermore, the dynamic variations

(on the order of 5�) in the molecular tilt angle ψtot will
have considerable impact. Intermolecular electronic
couplings were calculated using the same approach
asdescribed in ref 70, where the semiempirical Hartree�
Fock INDO method (as developed by Zerner and co-
workers71,72) was used to describe intermolecular elec-
tronic interactions.

Figure 7 shows the fluctuation of the absolute value
of t for hole (p-channel) transport during a 500 ps
window of the MD simulation for a randomly chosen
pair of pentacene molecules along the axis a (ta) and
the dominant d1 (td1) and d2 (td2) transport directions
(see Figure 1a for definitions). In all systems, a large and
fast oscillation of the absolute value of the electronic
coupling is observed that ranges from 0 to 160 meV, a
result that reflects the changes in the dimer conforma-
tion due to the molecular motions. The mean values of
ta, td1, and td2 are indicated by the horizontal solid lines

Figure 6. Simulated GIXD, using an “idealized” unit cell of
fully upright standing molecules as a starting point, to
investigate the sensitivity of the scattering patterns to
changes in molecular tilt. The two molecules decorating
the (fixed size) unit cell were both tilted by the same angle
ψtot, about an in-plane axis oriented at jip with respect to
the unit-cell a axis. The angle jip is thus directly related to
the decomposition and was varied in steps of 18�.

Figure 7. Fluctuations of the electronic couplings for holes
computed for a randomly chosen pair of pentacene mol-
ecules in systems 1 (morphology A) and 4 (morphology B)
along the a axis and d1 and d2 directions (Figure 1a for
definitions). The mean value along each direction is indi-
cated by the horizontal solid lines. The horizontal dashed
lines indicate the transfer integral values calculated for a
perfect molecular crystal.70
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in Figure 7. The average electronic couplings along the
a axis (32 meV) and d2 direction (33 meV) are similar in
the four monolayer structures studied here. These
electronic couplings are about 15 and 39 meV smaller,
respectively, than those determined at the same level
of theory for the perfect (bulk) molecular crystal.70 The
electronic couplings along d1 experience a much
stronger impact due to the changes in packing in-
duced by the different RSiO2 surfaces: t is two times
larger for morphology B (62 meV) versus A (31 meV).
These results, as onemight expect, reveal how changes
to the molecular packing;driven mainly by the sur-
face/monolayer interactions;can have a substantial
impact on the charge-carrier properties of the organic
semiconductor. The ta, td1, and td2 values for the
perfectly upright geometry are 64, 31, and 56 meV,
respectively, falling within the range derived for the
bulk and tilted monolayer morphologies. These find-
ings suggest that highermobilitiesmay be achieved by
manipulating the RSiO2�pentacene interface interac-
tions through variations in processing to induce differ-
ent molecular packings, as was realized experimentally
by Bao and co-workers.73

CONCLUSIONS

We have explored how variations in the electro-
statics of RSiO2 surfaces influence the molecular pack-
ing and dynamics of pentacenemonolayers. We obtain
mean monolayer heights on the simulated RSiO2

surfaces in the range 15.70�15.95 Å, which are in good
agreement with the available experimental estimates.
Mean tilt angles in the range 11.0�15.8� were calcu-
lated as a function of the chemical and electrostatic
variations in theRSiO2 surfaces. These values are larger
than the experimental results derived from GIXD
experiments,17,27 yet agree with previous theoretical
assessments.22,32 Two predominant morphologies

were obtained for the monolayer, which we find are
related to the surface electrostatics. The energetically
favored structure is found to feature the smallest
intermolecular electronic couplings. These findings
suggest that higher mobilities may be achieved by
manipulating the RSiO2�pentacene interactions.
Importantly, we directly compared our results with

experimental GIXD patterns by using the atomistic
models as input for GIXD calculations and explored
how modest changes to the tilt angles result in varia-
tions in the GIXD pattern. From a molecular dynamics
simulations standpoint, we note that there is a need to
continue to strive for direct validation by comparison
with experiment. For example, one often finds the
terms “thin-film” and “bulk” phase used in the literature
to describe the structure of pentacene. This terminol-
ogy, however, is rather broad and imprecise, as can be
seen here through the wide variation in the tilt angle
components. Moreover, the variation in the pentacene
monolayer structure and computed intermolecular
electronic couplings as a function of seeminglymodest
changes in the properties of the bare RSiO2 surfaces
reveal the importance of accurately taking into ac-
count the environmental effects.
To conclude, we have obtained qualitative agree-

ment with available experimental data concerning the
morphology of the RSiO2�pentacene interface. A key
finding is that the details of the RSiO2 surface, such as
the roughness74,75 and the surface potential, can have
tremendous impact on themolecular packing, which in
turn can greatly affect the charge-carrier transport
properties at the organic�dielectric interface. Various
types and degrees of surface termination;either by
hydrogen atoms or adsorption of water molecules;
available if the RSiO2 surface is exposed to air were not
considered here, yet could play a significant role in the
resultant film morphology.

COMPUTATIONAL METHODOLOGY
A series of RSiO2�pentacene interfaces were prepared

through a multistep molecular-dynamics procedure. First, a
bulk amorphous silica sample was prepared using the cristoba-
lite polymorph. This bulk sample was then cleaved and relaxed
to form a series of four bare RSiO2 slabs. Pentacene monolayers
were then placed on these slabs, their atomic positions were
allowed to equilibrate, and the dynamics were evaluated. We
describe the procedure in more detail in the following sections.

Simulation of the Silica Glass Surface. The simulations of RSiO2

were performed using the charge-optimized many-body
(COMB)34,35 potential as implemented in the LAMMPS software
suite.36 This potential has demonstrated reliability for the
description of many properties, including the local order of
the condensed phase of silicon and silica polymorphs.35 In the
particular case of quartz silica, the COMB potential provides
morphologies that well reproduce the main structural proper-
ties of amorphous SiO2.

37,38 The use of charge-equilibrated
potentials is key in the simulation of electrostatic interactions
at interfaces, since different regions on the surface will feature
slightly different charges, thus directly affecting the local

electrostatic interactions with the monolayer molecules.34,35

These differences are further amplified in the case of amor-
phous compounds.37,38

Periodic slabs of amorphous silica have been derived
through a variety of procedures.22,39�43 In this work, we started
with a 4 � 4 � 4 supercell of the crystalline cristobalite
polymorph,44 corresponding to a cubic box 28.55 Å long, that
contains 1536 atoms and has a density of 2.18 g/cm3 (similar to
that for amorphous silica, 2.20 g/cm3).39,40 Using a canonical
NVT ensemble (constant number of atoms N, volume V, and
temperature T), the crystalline silica was heated from 300 to
4000 K in 80 pswith time steps of 1 fs. The temperaturewas kept
constant at 4000 K for 70 ps in order to allow all the atoms to
diffuse and lose memory of their original positions. A new unit
cell, preserving the density of amorphous SiO2 and constrained
to the experimentally determined pentacene monolayer unit-
cell dimensions on RSiO2 (a = 5.92 Å, b = 7.59 Å, γ ≈ 90�),17,27
was then constructed and thermalized at 4000 K for 80 ps.
The system was cooled following the annealing cycle 2-VIII
proposed by Huff and co-workers.39 The system was then
thermalized at 300 K for 150 ps. The volume of the unit cell
was kept constant in order to ensure the correct density of the
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amorphous system, a key property in the description of the
organic/inorganic electrostatic interactions. Four bulk RSiO2

geometries were then created by setting the cooling times to
50, 100, 200, and 400 ps. The protocol is illustrated in Figure 8.

Amorphous silica slabs were then built from 2� 2 supercells
of the bulk samples. Periodicity was maintained along the a and
b vectors, while a 20 Å vacuum layer was maintained on top of
the amorphous structure. The slabs were relaxed at 1000 K for
50 ps in order to promote a reorganization of the surface atoms
and then cooled to 300 K and thermalized for 100 ps. The four
substrates, representing different realizations of an RSiO2

surface, will be enumerated through the rest of this work as 1
(50 ps), 2 (100 ps), 3 (200 ps), and 4 (400 ps). We emphasize that
the oxygen atoms exposed at the surface were not saturated
with hydrogen atoms, and no water molecules were added
on top of the slabs; this may have implications in comparison
with the GIXD experiments, where all films were measured in
ambient conditions.

rSiO2�Pentacene Interface. To examine the RSiO2�pentacene
interface, we constructed an 8 � 8 � 1 pentacene supercell
(128 molecules) and placed this layer 5.0 Å above the respective
RSiO2 surfaces. Simulations with 32, 128, and 556 pentacene
molecules in the monolayer were performed to check for size
dependence of the results on the supercell dimensions; it was
found that the 128-molecule system provided a good compro-
mise between the quality of the results and the computational
time. Two starting conformations for the pentacenemolecules in
the monolayer were used: (i) a packing configuration to repro-
duce that obtained from X-ray diffraction experiments in ref 45
and (ii) all molecules set perfectly perpendicular to the surface as
in ref 17. As we show later, the initial molecular packing config-
uration has no effect on the final layer morphology.

The RSiO2�pentacene interfaces were built based on a unit
cell matching the dimensions measured experimentally and
energy minimized. This was followed by canonical NVT ensem-
ble dynamics simulations that were run for 4 ns with a time step
of 1 fs at a constant temperature of 300 K. During this procedure,
all atoms in the silica slab were kept fixed in order to limit the
computational cost; test simulations where the atoms in the
RSiO2 slab were allowed to move show no difference with
regard to the final results. The charges of the Si and O atoms
were kept constant at the final values optimized by the COMB
potential. The pentacene atomic charges were fit to the electro-
static potential46,47 calculated via density functional theory
using the B3LYP48 functional and the 6-311G** basis set in the
Gaussian 09 software suite.49 All pentacene molecules were
treated at the atomistic level using the AMBER9450 force-field,
which has been successfully used to reproduce crystallographic
structures, minimized geometries, and intermolecular energies
predicted by different ab initio methodologies for a variety of
nucleic acids and aromatic compounds.51,52 The long-range
interactions were described using a combination of the Buck-
ingham and Coulomb potentials.22 The intermolecular non-
Coulomb terms were calculated using the number IV Williams
parameters for C and H,53 which reproduces well the crystalline
structures and intermolecular vibrations of pentacene poly-
morphs as a function of temperature54 and the crystal struc-
tures of naphthalene, anthracene, tetracene, and pentacene at
different temperatures and pressures.55�58 The non-Coulomb
interactions between the silica and pentacene were described
using the Dreiding force field59 for the Si and O atoms. We
applied the standardmixing rules;Aij= (AiiAjj)

1/2, Bij= (Biiþ Bjj)/2,
Cij = (CiiCjj)

1/2
;to determine the coefficients of the Buckingham

equation. Periodic boundary conditions along a and b were
applied, allowing the use of Ewald summation to compute the
Coulomb interactions along these directions. The MD trajectory
analysis and the molecular representations were performed
using the MView suite.60
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