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ABSTRACT: The dielectric properties of materials are of
fundamental significance to many chemical processes and the
functioning of numerous solid-state device technologies. While
experimental methods for measuring bulk dielectric constants
are well-established, far less is known, either experimentally or
theoretically, about the origin of dielectric response at the
molecular/multimolecular scale. In this contribution we report
the implementation of an accurate first-principles approach to
calculating the dielectric response of molecular systems. We
assess the accuracy of the method by reproducing the
experimental dielectric constants of several bulk π-electron
materials and demonstrating the ability of the method to
capture dielectric properties as a function of frequency and molecular orientation in representative arrays of substituted aromatic
derivatives. The role of molecular alignment and packing density on dielectric response is also examined, showing that the local
dielectric behavior of molecular assemblies can diverge significantly from that of the bulk material.

■ INTRODUCTION

The dielectric properties of molecule-based materials are critical
to a host of important scientific phenomena, including enzyme
function,1−3 electron transfer,4−6 chemical sensors,7−10 and an
array of electronics applications,11−14 such as in nanoscale self-
assembled dielectric materials for gating thin-film transis-
tors,15−18 as well as in thin interfacial extraction/blocking
layers for organic light-emitting diodes and photovoltaic
cells.19−21 The dielectric constant expresses the quantity of
electrical energy that can be stored in a particular material
under an applied field and is significantly materials-, frequency-,
and temperature-dependent. Experimentally, the frequency and
temperature dependences of the dielectric constants of
numerous bulk materials have been thoroughly characterized
and tabulated.22 However, little focus,23−29 either theoretical or
experimental, has been devoted to understanding the dielectric
properties of organic materials at the molecular scale as a
prelude to describing the dielectric response of multimolecular
arrays.
The capability to accurately model and efficiently predict

molecular scale dielectric response should help guide the design
of new high and low dielectric constant materials and enable
the tailoring of desired dielectric characteristics for specific
applications. Independent of material design, understanding the
dielectric environment would help elucidate mechanisms in a
wide array of chemical processes.30−35 In this report we present
a first-principles approach to computing the dielectric constants
of molecular systems, beginning at the atomistic level, and
permitting the relationships between specific chemical bonding

arrangements and their dielectric response to be accurately
described. This contribution is organized as follows: we first
present the general framework of the methodology, then
address three essential concepts related to the dielectric
response of molecule-based systems, (1) frequency depend-
ence, (2) role of molecular orientation, and (3) relationship to
molecular packing.
The approach taken here for computing the dielectric

response of a molecular material measures the change in charge
density as a function of applied electric field.36,37 We focus first
on monolayers of molecules, to ascertain the variance of the
local dielectric response at different locations along a specific
molecular axis. The electric field is applied along the molecular
axis perpendicular to the substrate surface in which the
monolayers lie; this axis will be referred to as the z axis. In
this study, all of the molecules are aligned parallel to one
another, with the centers of mass located at the same z
coordinate in space, as shown in Figure 1. The calculations use
the plane wave DFT program, QUANTUM ESPRESSO,38

consequently the material is treated as periodic in the plane (xy
plane) perpendicular to the electric field. The local dielectric
constant computed at each z coordinate is thus averaged over
the xy plane of the entire unit cell, providing a planar-averaged
local dielectric response that varies as a function of molecular
architecture along the z-axis.
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The planar-averaged local dielectric constant, which is called
η(z) here, provides two informative quantities in monolayer
systems. First, once the local dielectric response along a
particular molecular direction (i.e., at a specific z coordinate) is
known, a direct comparison between specific structural features
and the corresponding dielectric response can be performed.
Second, while η(z) is a nonmeasurable quantity, by applying a
parallel plate capacitor model39 the experimentally observable
dielectric constant ε can be computed using eq 1.

∑
ε η
− =

=

a b 1

i a

b

i (1)

Here, ηi is the calculated local dielectric constant at a given
index i along the z coordinate, the a and b indices correspond
to the origin and terminus of the molecule, respectively, and ε
is the dielectric constant averaged over the length of the
molecule. Here the origin and terminus of the molecule are
defined as the positions along the z-axis of the lowermost and
uppermost constituent atoms, respectively. The dielectric
constant ε is formally the permittivity A(ω), defined by ε(ω)
= ε0A(ω). A more detailed description of the computational
technique used here can be found in the Supporting
Information (SI). Details about the specific computational
input parameters can be found in the Computational
Methodology section below. By applying this scheme to several
simple systems, the capability to model accurately the dielectric
response in multimolecular systems is demonstrated, and
important trends governing molecular dielectric response are
deduced.

■ COMPUTATIONAL METHODOLOGY
The general calculation procedure is as follows. The system is first
relaxed in the absence of an electric field, in the corresponding packing
arrangement of interest. In the monolayer systems discussed here, each
molecule is separated by 10 Å in the x and y directions, and 15 Å of
vacuum along the z the axis is introduced to ensure minimal
interaction between the monolayers. Demonstration that this vacuum
separation is sufficient to ensure negligible interaction can be found in
the SI. Information about the crystalline benzene system can be found

below. After the system is relaxed, two electric fields (Eapplied), ± 0.001
au, are applied parallel to the z axis. Smaller fields were also applied
and induced negligible variation in optical dielectric profile and only
minor changes in the static dielectric profile (see SI). The 3D charge
density profile is then generated, and subsequently a planar average is
taken for each along the z axis. ρ̅ind(z), the difference in the charge
density profiles at the different electric field strengths, is related to the
induced polarization, ρ̅ (z), using eq 2.
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The induced polarization is then used to calculate the local dielectric
constant, η(z) (eq 3),
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with ε0 the vacuum permittivity divided by 4π, and Eext = 2 × Eapplied.
In this contribution, Eext = 0.002 au A full derivation of this
relationship can be found in the SI. The optical dielectric constant
where ω → ∞ is calculated assuming that only the electrons respond
to the electric field (i.e., optical regime). The static dielectric constant
where ω→ 0 is calculated by allowing the internal molecular geometry
to relax in the presence of an electric field. In both the optical and
static response, no translational or rotational motion is allowed. In
terms of computational demands, the local static dielectric constant is
more computationally intensive due to the geometry optimization
required versus a single-point calculation for the local optical dielectric
constant. The calculations were performed using DFT within the local
density approximation (LDA) using the Perdew−Zunger (PZ)
parametrization40 and Vanderbilt ultrasoft pseudopotentials,41 as
implemented in QUANTUM ESPRESSO.38 An evaluation of the
functional choice was performed, examining the generalized gradient
approximation (GGA) as implemented by the Perdew−Burke−
Ernzerhof (PBE)42 functional and a range-separated hybrid functional
Heyd−Scuseria−Ernzerhof 06 (HSE06).43 In the case of HSE06,
norm-conserving pseudopotentials were used. Little variation in the
dielectric profiles is noted among the chosen functionals. The
dielectric profiles of benzene using the PZ, PBE, and HSE06
functionals are provided in the SI. Unless otherwise stated, forces
were relaxed to 9 meV/Å and a 1 × 2 × 2 k-point point scheme was
used to sample the Brillioun Zone (BZ) in calculations. The wave
functions and the augmented charge density are represented by plane-
wave basis sets with energy cutoffs of 60 and 720 Ry, respectively.
Geometries and energies of the molecules used in this study are given
in the SI.

To model bulk benzene, slabs of crystalline benzene 23 Å thick
along the z axis were constructed. The lattice parameters are as
follows: α = β = γ = 90°, a = 38.000 Å, b = 9.201 Å, c = 6.690 Å (a
here corresponds to the z axis, b to the y axis and c to the x axis). The
supercell was created using benzene crystal structure data44 and
subsequently deleting 15 Å of benzene along the z axis. This creates an
orthorhombic supercell containing an infinite slab of benzene in the x
and y directions separated by 15 Å of vacuum in the z direction.
Similarly, bulk 1,3-dinitrobenzene was modeled using a crystalline slab
31 Å thick along the z axis using crystal structure data.45 The lattice
parameters are as follows α = β = γ = 90°, a = 46.000 Å, b = 13.292 Å,
c = 3.802 Å. The coordinates for all atoms in both bulk systems are
given in the SI.

■ RESULTS AND DISCUSSION
Frequency Dependence of the Dielectric Response.

Different contributions to the dielectric response of a molecular
material are evident at distinct frequencies of the applied
electric field.46 In the low-frequency regime, geometric
rearrangements/oscillations can contribute to large dielectric
responses, while at high frequencies, only the electronic
response is important since only electrons can respond to the
rapidly oscillating electric field. These contributions and their

Figure 1. Coordinate system used for first-principles DFT calculation
of the optical and static dielectric response of aromatic molecular
arrays. Diagram of a 2 × 2x2 simulation cell for a benzene monolayer
(a) and orientations of the benzene molecules looking down the x, y,
and z axes (b). The z axis is parallel to the applied electric field. The
simulation cell is periodic in all 3 directions, but the large vacuum
along the z axis insures that the monolayers do not interact.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja401904d | J. Am. Chem. Soc. 2013, 135, 9753−97599754



corresponding frequency dependences are often critical
determinants of the dielectric constant of a material. For
example, at low frequencies water has a dielectric constant of
78.6,47 while at high frequencies, where the dipoles cannot
reorient rapidly in response to the oscillating field, the dielectric
constant falls to 1.7.48 It is therefore important that a useful
theoretical description be able to differentiate between these
frequency regimes and to describe the dielectric response across
a broad range of frequencies.
In this report we focus on two frequency regimes. In the high

frequency limit, ω → ∞, described by the optical dielectric
constant, only the electrons are allowed to relax in the presence
of the electric field while the nuclear coordinates are held fixed.
In the low frequency limit, ω → 0, described by the static
dielectric constant, internal geometric reorganization is allowed
by permitting displacements of the nuclei. In both frequency
regimes, no overall molecular translational or rotational motion
is allowed; only internal molecular motions that do not
translate the center of mass or effect rotation about molecular
axes are permitted. Indeed, such internal motions constitute the
difference between what will be called εstatic and εoptical. As the
water example shows, translations and rotations induce very
large changes in ε . Since we deal here with only solids and
films, this definition of εstatic is adequate. To model fluid
systems, one would have to account for these translational and
rotational processes in order to accurately capture the dielectric
response. To verify that the present approach accurately
captures the frequency dependence of molecular systems,
sparsely packed (1 molecule/nm2) periodically spaced mono-
layers of benzene, fluorobenzene, and chlorobenzene molecules
are first examined. These test molecular monolayers were
chosen because of their simplicity and the dissimilarities that
should exist in their static and optical dielectric responses. The
sparse surface coverage insures that essentially no significant
intermolecular interactions take place and obviously does not
represent an experimentally accessible molecular monolayer
regime at this stage of the analysis. Taking the planar average of
the charge density in these sparse systems removes any
dependence on the molecular orientation with respect to the z
axis, i.e. the dielectric response is invariant to rotation about the
z axis.
In general, high-frequency dielectric response is primarily

determined by the atomic radius and the density of the
constituent atoms comprising a molecule.49,50 Correspondingly,
it might be expected that the optical dielectric responses of
benzene and fluorobenzene would be similar due to the similar
atomic radii of the H and F atoms, while chlorobenzene might
have a significantly greater response. Figure 2a details the
computed optical dielectric response of three monolayers
composed of these three molecules. The optical dielectric
response computed with this technique is in good agreement
with basic chemical intuition. Thus, the local dielectric constant
is similar across the three molecules until the z coordinate
reaches the point of differing substitution. At this site, benzene
and fluorobenzene exhibit nearly identical optical dielectric
responses, whereas chlorobenzene exhibits a markedly greater
response.
Note that the bulk static dielectric constant is an average over

all different molecular orientations and polarizations. Since we
are modeling a sparse monolayer system and not permitting
molecular rotation or translation, negligible geometric reorgan-
ization occursas discussed above, this component dominates
in most liquids and gases having thus been a combination of the

electronic/optical dielectric response and any additional
polarization provided by intramolecular nuclear motion
involving polar bonds. Since benzene has little polar bonding,
the static dielectric response is expected to be nearly identical
to the optical response. However, for fluorobenzene and
chlorobenzene, there should be variations caused by the
oscillations of the polar carbon−halogen bonds. Figure 2b
details the static dielectric response of the three materials. As
anticipated, for benzene, the static and optical dielectric
constants are indistinguishable. The local optical and static
dielectric responses for each material are given in the SI. In
contrast, the halogenated benzenes contain polar bonds and
consequently have different static and optical dielectric
responses, primarily differing in the vicinity of the carbon−
halogen bond, as evident in Figure 2b. In modeling the optical
and static dielectric response of these molecular layers, it is
evident that the present approach is capable of (a) correlating
chemical functional groups to specific dielectric responses and
(b) discerning different dielectric responses based on the
frequency regime of the applied field.

Orientational Dependence of the Dielectric Response.
The previous section examined a sparse monolayer at a single
molecular orientation. In real systems the dielectric response is
typically measured over an ensemble of orientations and
displacements for a given density of the material. To examine
how molecular orientation affects the dielectric response, the
benzene molecule presented in the previous section is now
rotated such that the molecular plane lies perpendicular to the
applied electric field. The parallel and perpendicular alignments
with the corresponding static dielectric responses are shown in
Figure 3. The dielectric response is found here to be markedly
different in the parallel and perpendicular orientations. Note
that the benzene orientation parallel to the field has a more
delocalized response due to the greater π-system extension

Figure 2. Computed local optical (a) and static (b) dielectric constant
of a monolayer of benzene (solid), fluorobenzene (dashed), and
chlorobenzene (dotted). There is an imposed 10 Å separation in x and
y directions between each molecule. The applied electric field is
parallel to the z axis and has a strength of ±0.001 au, and the response
is averaged over the xy plane.
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along the z axis and exhibits greater polarization versus the
perpendicular benzene orientation.
Both orientations have the largest dielectric responses at the

center of the benzene molecule, with little disparity in the
maximum response (ηmax = 1.43 for the parallel, ηmax = 1.47 for
the perpendicular orientation). However, due to the breadth of
the dielectric response in the parallel orientation, computing
the dielectric constant over the entirety of the parallel benzene
ring using eq 1 yields an overall dielectric constant for the
parallel orientation which is larger than in the perpendicular
orientation (ε∥ = 1.32 vs ε⊥ = 1.17). This result demonstrates
the importance of molecular orientation on the dielectric
response of a material. In fully disordered bulk macroscopic
media this anisotropy is unimportant, since all orientations are
represented and averaged in a standard dielectric measurement.
Conversely, when studying processes at the nanoscale, the
polarization response of a single molecule in a specific
orientation may be important in a variety of chemical and
physical processes.51,52 For example, in self-assembled molec-
ular monolayers, where the orientations of the molecular
components can be controlled, this information should be
useful for designing in specific dielectric responses for a given
molecular assembly.53,54 This effect is also seen when
measuring the dielectric response of crystalline materials,
which may exhibit anisotropic dielectric responses depending
on the direction of the applied field.55−57 Thus, the local
dielectric response of a molecule is not determined solely by
chemical composition, but critically influenced by the
orientation of the molecule with respect to the applied electric
field.
Molecular Density Dependence of the Dielectric

Response. Thus far, only a sparse molecular surface coverage
has been examined, imposing low molecular densities in the
materials being studied. This low coverage contributes to the
smaller than intuitively expected computed dielectric constants,
varying from ε = 1.0−1.8, as discussed above, while the bulk
dielectric constant of frozen benzene is reported to be 2.34.58

To next investigate how the dielectric response of a material
varies with molecular density, the packing density of a benzene
monolayer was increased to 2, 3, and 4 times the original
density of 1 mol/nm2. Figure 4 shows that the static dielectric
response increases essentially linearly with packing density.
This result highlights the importance of molecular density in
dielectric materials design since it greatly alters the response.

To verify the accuracy of the present technique in computing
the dielectric response of multimolecular materials, a 23 Å thick
slab of benzene molecules, with coordinates taken from the
benzene crystal structure,44 was next analyzed. Figure 5a shows

Figure 3. Local static dielectric constant of a monolayer of benzene
with the π-plane oriented parallel (solid) and perpendicular (dashed)
to the electric field. For clarification, it is the individual benzene
molecules comprising the monolayers that are oriented parallel or
perpendicular to the electric field. There is an imposed 10 Å separation
in x and y directions between each molecule. The applied electric field
is parallel to the z axis and has a strength of ±0.001 au, and the
response is averaged over the xy plane.

Figure 4. Computed local static dielectric constant of a monolayer of
benzene at different packing densities: 1 (black), 2 (red), 3 (green),
and 4 (blue) mol/nm2. The inset shows the calculated static dielectric
constant as a function of packing density. There is an imposed
intermolecular separation distance, 10 Å, 7.07 Å, 5.74 Å, or 5 Å for the
respective packing densities in ascending order, in x and y directions
between each molecule. The applied electric field is parallel to the z
axis and has a strength of ±0.001 au, and the response is averaged over
the xy plane.

Figure 5. The local optical dielectric constant of seven benzene layers
(a) and at different thicknesses: 1 (blue), 3 (red), 5 (green), and 7
(purple) benzene layers (b) along the z axis. The images next to the
dielectric response are xz cross sections of the benzene crystal
structure slabs looking down the y axis. The exact benzene crystal
structure is given in the SI. Note that the benzene is infinitely repeated
in the x and y directions using periodic boundary conditions. The
dashed line in Figure 5a represents the region considered to be bulk,
i.e., with minimal surface effects. The electric field is applied parallel to
the z axis and has a strength of ±0.001 au, and the response is
averaged over the xy plane.
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the benzene slab and the computed optical dielectric response.
Only the local optical dielectric constant is examined here since,
as discussed above, the optical and static dielectric constants are
essentially equivalent in benzene. In the previous section, the
importance of molecular orientation on the dielectric response
was demonstrated. The molecular orientation and density is
different when viewed down each axis, requiring the dielectric
response along the other two axes to also be computed. The
dielectric profile along the x and y axes and unit cell
information can be found in the SI. No information about
the molecular orientation was reported in ref 54. We assume
that the measurement was taken on a polycrystalline sample of
frozen benzene. The dielectric constant along each axis is
calculated from eq 1 with εz = 2.39, εy = 2.69, εx = 2.33,
respectively. Taking the theoretical dielectric constant as the
average of these three values we find excellent agreement
between the theoretical bulk dielectric constant (εtheory = 2.46)
and the experimental dielectric constant (εexp = 2.34).58 The
crystalline bulk is defined as the region in which the dielectric
response repeats periodically and is indicated in Figure 5a by
the dashed line. These results demonstrate the excellent
accuracy of the present computational approach, highlighting
the importance of molecular density in determining the bulk
dielectric constant. Also of note is the rapid convergence of the
local dielectric constant to a bulk response, requiring only a
single layer of benzene to effectively eliminate any effects of the
vacuum surface on the dielectric response of the material. The
dielectric response as a function of benzene slab thickness is
given in Figure 5b, which shows that the internal (i.e., first
noninterfacial layer) local dielectric constant is independent of
slab thickness.
Benzene provides an excellent test case for a nonpolar

molecule. To examine how the present method performs on
polar substances we chose 1,3-dinitrobenzene and performed
the same analysis on a 35 Å slab using coordinates taken from
1,3-dinitrobenzene crystal structure.45 Since there are polar
bonds in 1,3-dinitrobenzene we would expect a deviation
between the static and optical responses. To accelerate
convergence, the first layer on either side of the slab was
fixed. Since the initial layer has little effect on the bulk behavior,
as shown in benzene, it is reasonable to assume that this will
not have a significant effect on the 1,3-dinitrobenzene dielectric
response. Additionally the force convergence threshold was
increased to 13 meV/Å. When tested on a smaller cluster of
dinitrobenzene molecules, there was no change in the static or
optical dielectric response. Freezing of the initial layer and
increasing the force threshold was performed to decrease the
initial geometry convergence time, which was considerable for a
system of this size. Figure 6 shows the 1,3-dinitrobenzene slab
and the computed optical and static dielectric response. As in
benzene, the crystal structure of 1,3-dinitrobenzene has
different molecular orientations and densities when viewed
down each axis, requiring calculations along the other two axes.
The dielectric profiles along the x and y axes can be found in
the SI. The optical dielectric constant along each axis is
calculated using eq 1 with εz

opt =2.79, εy
opt = 2.92, εx

opt = 2.07.
The static dielectric constant along each axis is calculated using
eq 1 with εz

static = 3.13, εy
static = 3.91, εx

static = 2.07 Taking the
averages we obtain values of εtheory

opt = 2.59 and εtheory
static = 3.05 for

the optical and static dielectric constants respectively. The
reported dielectric constant for 1,3-dinitrobenzene is εexp = 2.85
at an applied frequency 4 × 108 Hz.58 At this frequency, the
polar bonding will contribute to the dielectric response making

the calculated static dielectric constant the value to compare to
experiment. The experimental and computed dielectric
constants are in good agreement, showing the validity of this
method on polar materials. As found for benzene there is rapid
convergence to bulk properties for both the static and optical
dielectric behavior in this polar material. Similar results are
reported in inorganic materials, with surface effects from
vacuum and nonhomogenous systems vanishing within a nm.37

Previous attempts to model molecular/multimolecular
dielectric behavior relied on classical descriptions such as the
Clausius−Mossotti or Lorentz−Lorenz models to relate the
molecular polarizabilities in vacuum to bulk dielectric
constants.59 However, as shown by Vanderbilt et al.,60 these
relationships, while valid in some scenarios, are inappropriate
for many materials because classical theories require polar-
ization be partitioned into localized centers. In real materials
the induced charge is delocalized, making any partition largely
arbitrary. These classical approaches also rely on combining a
molecular response (polarizability) with a bulk property
(density) in order to estimate the corresponding dielectric
response. In contrast, the technique presented here is ideal for
molecule-based systems because it directly ties the electronic
response of the material (the change in charge density) to the
specifics of molecular orientations and packing by implement-
ing the periodic boundary conditions of plane wave DFT.
These results also demonstrate the inadequacy of starting from
a concept such as the dielectric constant of a single molecule,
because the actual measured ε is in fact a bulk, ensemble
property dependent on the arrangement and packing motif of
the constituent molecules.
The present results illustrate how the dielectric behavior of a

material varies even at the single-molecule level. Thus, there
can be dramatically different dielectric responses in chemical
systems upon varying the position, orientation, and packing
density of the constituent molecules. We stress the concept of a
local dielectric response where the dielectric characteristics of a
material over a given length scale may be substantially different
from those of the bulk material. This local dielectric response
should be taken into account when both evaluating and
designing electrostatic interactions in molecular-scale systems,
since under some conditions (especially at the nanoscale) the
bulk dielectric constant may not accurately describe the

Figure 6. Computed local optical (solid blue) and static (dashed
orange) dielectric constant of 1,3-dinitrobenzene. The exact crystal
structure is given in the SI The image next to the dielectric response is
the xz cross-section of the 1,3-dinitrobenzene crystal structure slab
viewed down the y axis. Note that the 1,3-dinitrobenzene is infinitely
repeated in the x and y directions using periodic boundary conditions.
The dashed line in a represents the region considered to be bulk, i.e.,
with minimal surface effects. The electric field is applied parallel to the
z axis and has a strength of ±0.001 au, and the response is averaged
over the xy plane.
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dielectric behavior at the location of interest. For example,
when creating a self-assembled monolayer of conjugated
organic molecules to use as gate dielectrics it would be
advantageous to align the constituent molecules such that the
applied field is parallel to the π system. While a random
distribution of molecular orientations might result in a low
dielectric constant, by ordering the molecules such that the
polarizable π system is parallel with the applied field a high
dielectric constant can be achieved. This molecular ordering
may expla in why se l f -assembled nanodie lect r ics
(SANDs),15,53,61,62 whose π systems are predominately parallel
to the applied field, achieve such large dielectric constants, ε >
9.00, while almost all other solid state organic materials have a ε
< 4.00. It is also foreseeable to use this technique for materials
design by determining structure−function relationships describ-
ing those molecular properties leading to large dielectric
responses by examining the local dielectric behavior of test
molecules to pinpoint regions with the largest dielectric
response.

■ CONCLUSIONS
An approach is reported here to model the dielectric response
of molecule-based materials. By analyzing molecular mono-
layers at varying packing densities and molecular alignments,
the diverse contributions to the dielectric response at the low
and high frequency limits are elucidated. Altering the alignment
of the molecules effects a significant change in the dielectric
response, highlighting the importance of molecular orientation
on the bulk dielectric constant. By examining both polar and
nonpolar bulk systems, the accuracy of this technique is
demonstrated and the effect of molecular density on the
dielectric response is elucidated. This methodology thus offers
the capability to analyze and accurately predict the dielectric
response of large molecular systems while still capturing
important local dielectric properties. Due to the importance of
the dielectric response of materials in many electronic and
opto-electronic systems, this technique should provide a
powerful and informative guide for materials design.
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