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Electronic polarization and charge delocalization are important aspects that affect the charge-transport
levels in organic materials. Here, using a quantum mechanical/embedded-charge (QM/EC) approach
based on a combination of the long-range corrected ωB97X-D exchange-correlation functional (QM)
and charge model 5 (CM5) point-charge model (EC), we evaluate the vertical detachment energies and polarization energies of various sizes of crystalline and amorphous anionic oligoacene
clusters. Our results indicate that QM/EC calculations yield vertical detachment energies and polarization energies that compare well with the experimental values obtained from ultraviolet photoemission spectroscopy measurements. In order to understand the effect of charge delocalization on
the transport levels, we considered crystalline naphthalene systems with QM regions including
one or five-molecules. The results for these systems show that the delocalization and polarization
effects are additive; therefore, allowing for electron delocalization by increasing the size of the QM
region leads to the additional stabilization of the transport levels. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984783]
I. INTRODUCTION

A comprehensive understanding of the electronic structure of organic molecular semiconductors is critical for
the development of accurate charge-injection (or extraction)
and charge-transport models. The charge-transport levels are
defined by the ionization potential (IP) and electron affinity
(EA) of the individual molecules. Because of inter-molecular
interactions in the bulk environment, electron delocalization
and electronic polarization of the surrounding molecules act
to modulate the isolated-molecule energy levels.
The polarization energy arises from the interaction of
a charge carrier appearing on a given molecule with the
induced and permanent multipole moments of the neighboring
molecules.1 Various methods to treat electronic polarization
in crystalline systems have been detailed in recent review articles.2,3 Most of these approaches aim to provide the correct
description of the electrostatic potential related to a molecule.
This is achieved by using distributed (static) multipoles (e.g., in
micro-electrostatic models4,5 or polarizable force-field based
models)6,7 from a quantum mechanical (QM) calculation,
in conjunction with atomic polarizabilities to describe the
dynamic polarizability contributions. Other approaches rely
on QM or semi-empirical methods to evaluate the correct
response to the presence of the excess charge in the polarizable
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region [e.g., in quantum mechanical/molecular mechanics (QM/MM),8,9 Valence-Bond/Hartree-Fock (VB/HF),10 or
charge redistribution (CR)5 based models]. While these methods aim at accurately describing the polarization energy, modeling charge injection (extraction) and charge transport in
organic materials also requires an understanding of the evolution of the transport levels that, in addition to electronic polarization, are affected by factors such as charge delocalization
and surface dipole.11
Experimentally, the IP and EA of a material are most often
measured with ultraviolet photoemission spectroscopy (UPS)
and inverse photoemission spectroscopy (IPES), respectively.12–14 The EA of a molecular cluster can be also estimated
by means of UPS measurements on a negatively charged
system. Such an approach has been applied to naphthalene,
anthracene, and tetracene clusters and is of particular interest
to our study.15–18 In these investigations, anionic molecular
clusters are first produced by electron impact ionization and
the ground state of these negatively charged systems is subsequently probed using UPS. The experimental data suggest
that the excess charge in some anionic clusters can delocalize over multiple molecules. In addition, the interpretation of
the recent experimental results by Yoshida et al. for pentacene
and perfluoropentacene thin films points to IP and EA values changing when going from an isolated molecule to bulk
due to the additive effect of electronic polarization and electronic delocalization.19 In contrast, a very recent GW-based
QM/MM study on pentacene by Li et al.3 indicates that allowing for charge delocalization (by increasing the QM region and
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FIG. 1. Molecular structures of the linear oligoacenes investigated in this
work: (a) naphthalene, (b) anthracene,
(c) tetracene, and (d) pentacene.

decreasing the polarizable region) has no effect on the transport
gap and electron and hole transport levels. These contradictory
results indicate that there is a need for a better understanding of
the effects of electronic polarization and carrier delocalization
on the transport levels.
Regarding the QM modeling of charge delocalization in a
material, it was shown previously that the application of standard (semi)local density functional theory (DFT) functionals
to the description of EAs in small molecules can be challenging
due to the instability of anions coming from the self-interaction
error.20,21 Therefore, a robust methodology, capable of describing adequately both charge (de)localization and that can properly treat the electronic polarization, is required. Here, we
apply a QM/EC (embedded-charge) approach based on the
combination of the long-range corrected ωB97X-D exchangecorrelation functional and charge model 5 (CM5) point-charge
model22 to evaluate the electron affinity and polarization
energy in finite anionic clusters of naphthalene, including
two- and three-dimensional clusters of various sizes. We then
compare the polarization energies in clusters of naphthalene,
anthracene, tetracene, and pentacene (see Fig. 1) kept in their
crystalline configurations. Finally, in order to gain insight into
the interplay between charge localization/delocalization and
electronic polarization and their impact on the transport levels,
we compare the results derived for model naphthalene systems
in which the QM description is applied to one-molecule and
five-molecule clusters.
II. METHODOLOGY

In the framework of standard DFT, the incorrect exponential decay of the approximate exchange-correlation functionals
leads to spurious charge delocalization,23–25 which has been
shown to strongly affect the description of an excess charge
in crystalline oligoacenes.21 Therefore, here, we have chosen to employ an approach based on a system-dependent,
non-empirically tuned long-range corrected functional, which
has been demonstrated to dramatically reduce the delocalization error present in standard DFT methods.26–28 Specifically,
we use the ωB97X-D functional,29 with the range-separation
parameter ω partitioning the Coulomb operator into shortrange and long-range components. The ω value is tuned
by minimizing the difference between the highest occupied
molecular orbital (HOMO) eigenvalue of the ground state
and the IP, with the latter being the difference between the
ground-state energies of the neutral molecule and the cation,

Egs (ω,N)
Egs (ω,N
1) (a procedure referred to as IPtuning).30–33 We note that the IP-tuning is considered here as
opposed to tuning to the electron affinity because naphthalene
does not have a stable anionic state (vide infra).34
In terms of structures, the molecular geometries of the
crystalline systems and lattice parameters were taken from
the Cambridge Structural Database.35–37 For the amorphous
clusters, molecular dynamics (MD) simulations of oligoacenes
were performed with the OPLS-AA (optimized potential for
liquid simulations-all atom) force field parameters38 using
GROMACS 4.6.2.39 The long-range electrostatic interactions
were computed using the particle mesh Ewald method with
an accuracy of 10 5 .40 The initial configuration consisted of
placing 1000 molecules within a simulation box at a density
lower than 0.3 g/cc. An NVT (constant number of molecules,
constant volume, and constant temperature) ensemble simulation was then conducted at 1000 K for 1 ns, followed by a
NPT (constant number of molecules, constant pressure, and
constant temperature) simulation for a total of 10 ns, of which
the first 5 ns were used to gradually decrease the temperature from 1000 K to 300 K with the next 5 ns at 300 K. The
average density over the last 2 ns of the NPT simulation is
1.10 g/cc.
We evaluated the electronic polarization of an excess
charge through a self-consistent QM/EC calculation. The
QM/EC procedure consists of iterative DFT single-point computations for each of the molecules in the cluster in the presence
of atom-centered point charges representing the surrounding
molecules. These charges are computed using the CM5 charge
model,22,41,42 which is applicable to both charged and neutral
molecules. In addition, the CM5 model is known to exhibit
only a small dependence on the choice of a basis set and
functional.22,41,42 The iterative procedure starts with a DFT
single-point calculation on the central molecule, while using
the atom-centered point charges for the surrounding molecules
in the cluster obtained from the DFT calculations on the isolated molecules. The DFT calculations are then performed
consecutively for each molecule in the cluster by updating the
atom-centered point charges on other molecules from previous
DFT runs. This self-consistent procedure is continued until the
change in the total energy of the central molecule is less than
10 4 hartree (2.7 meV) between two iterations.8 When evaluating anionic clusters, the DFT calculations are performed
with an extra electron on the molecule in the center of the
cluster. Various cluster sizes varying from 5 to 225 molecules,
in two-dimensional and three-dimensional packings, are
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investigated for naphthalene; cluster sizes of ∼60-70 molecules
are considered for anthracene, tetracene, and pentacene.
To evaluate charge delocalization, we have calculated
the charge distribution of a five-molecule cluster using the
IP-tuned ωB97X-D methodology with the 6-31+G(d,p)43
basis set. For comparison and validation, we also computed
the charge distribution using a complete-active space selfconsistent field (CASSCF)/6-31G(d) approach. All calculations were performed with Gaussian 09 (Rev. D).44
At this stage, we believe it is helpful to define some of the
key properties that are examined in this study. The polarization
energy related to the presence of an excess electron is defined as
P− = EAB − EAG ,

(1)

where EAG and EAB are the electron affinities of the isolated
molecule in the gas phase and of the crystalline bulk, respectively. When intra- and inter-molecular structural relaxation
effects are considered, there are three possible descriptions of
the electron affinity (the same applies to the ionization potential, which is relevant for the case of an excess positive charge):
the vertical electron affinity (vEA), the adiabatic electron affinity (aEA), and the vertical detachment energy (vDE). These
quantities are defined as
o
−
vEA = Eneutral
− Eneutral
,

(2)

aEA =

(3)

vDE =

o
−
Eneutral
− Eanion
,
o
−
Eanion
− Eanion
,

(4)

o
is the energy of the neutral system at its equiwhere Eneutral
−
librium geometry; Eneutral
is the radical-anion energy at the
o
optimized neutral geometry; Eanion
is the energy of the neutral
−
system at the optimized radical-anion geometry; and Eanion
is
the radical-anion energy at its optimized radical-anion geometry. The energies determined from UPS and IPES are measured
according to the adiabatic principle, i.e., at the optimal geometry of the initial state. Since, in the UPS studies of oligoacene
clusters mentioned above,15,17,18 an anionic molecular cluster is first produced, we assume that these experiments probe
the geometrically and electronically relaxed anionic clusters
and their results can be used to estimate the vDE values (and
polarization energies) in these systems.
The polarization energies were evaluated according to
Eq. (1) by computing EAG and EAB both at the total ∆SCF
(self-consistent field) level using the total energies of the neutral and anion states. We also computed these properties in
the framework of Koopmans’ theorem (KT), where the EAs
of the clusters are approximated by the HOMO eigenvalues
of the radical-anion states. Only the intramolecular geometry
relaxation of the charged molecule was considered in our calculations. We note, however, that previous studies have shown
that in both crystalline and amorphous organic molecular systems, the external contribution to the relaxation energy is much
smaller than the intramolecular counterpart.45,46

III. RESULTS AND DISCUSSION
A. Single-molecule detachment energies

The computed and experimental vDE values for the
isolated molecules of naphthalene, anthracene, tetracene,
and pentacene are in very good agreement (differences of

TABLE I. IP-tuned ωB97X-D/6-31+G(d,p) vEAs at the crystalline geometry
(indicated by a ), and geometry-optimized single-molecule vEAs and vDEs for
naphthalene, anthracene, tetracene, and pentacene compared with experiment.
All values are in eV. Error bars for the experimental values are estimated to
be 0.05 eV from the references.
IP-tuned ωB97X-D

Exp.

System

vEAa

vEA

vDE

vDE

Naphthalene
Anthracene
Tetracene
Pentacene

−0.49
0.19
0.88
1.11

−0.51
0.29
0.85
1.23

−0.20
0.53
1.07
1.41

0.19b
0.53 0.54c
1.04 1.06d
1.35e

a Calculations

performed at the crystalline geometry.
34.
c References 15, 17 and 47.
d References 15 and 48.
e Reference 48.
b Reference

<0.06 eV), see Table I. Taking the advantage of the fact that the
IP-tuned ωB97X-D/6-31+G(d,p) methodology results in an
accurate description of single-molecule vDEs, we next apply
the methodology to naphthalene clusters in various packing
configurations and then compare our results to similarly sized
anthracene, tetracene, and pentacene clusters.
B. Two-dimensional (2-D) clusters of naphthalene

We begin with a discussion of a 5-molecule 2-D naphthalene cluster, in which the excess electron is localized on
the central molecule. The central naphthalene molecule and
the four closest surrounding molecules are in the herringbone arrangement (located in ab plane, see Fig. 2). The anion
is unstable (i.e., the vDE is negative) and the polarization
energy (P ) computed at the ∆SCF level is nearly zero, see

FIG. 2. (a) A crystalline structure of a five-naphthalene cluster along the
ab plane; the c-axis of the crystal would be protruding in and out of the
paper. Similar configurations were used to model anthracene, tetracene, and
pentacene clusters. [(b) and (c)] Electrostatic potentials based on electron
density for the neutral and anionic naphthalene molecule, respectively, based
on the geometry in the crystal structure is used to plot the electrostatic potential
using Gaussview.49 The blue and red colors represent positive and negative
electrostatic potential values of 0.01 atomic units.
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TABLE II. Results of QM/EC calculations on naphthalene 2-D and 3-D clusters; the QM region includes a single molecule. The 3-D clusters (with their
radius indicated) are extracted from the crystal structure of naphthalene. The
vDE values are computed in the crystal structure geometry and corrected with
the relaxation energy of the charged molecule. All values are in eV.
Radius (Å) (number of molecules)

vDE

P (∆SCF)

P (KT)

0 (1)
2-D . . . (5)
2-D 10 (13)
2-D 22 (63)

0.20
0.19
0.01
0.04

...
0.01
0.21
0.16

0.07
0.30
0.29

0.63
0.69

0.87
0.97

0.93
1.00
1.04
1.11

1.15
1.29
1.34
1.46

Crystalline (3-D)
12 (47)
17 (116)

0.43
0.49
Amorphous (3-D)

8 (13)
10 (22)
12 (35)
15 (70)

0.73
0.80
0.84
0.91

Table II, indicating that the stabilization coming from the inplane first shell of molecules is negligible. When increasing
the size of the 2-D cluster to n = 13 (where n is the number of
molecules, Fig. S1 of the supplementary material) the polarization energy increases by 0.20 eV. However, interestingly,
the computed vDE is then only ca. +0.01 eV; thus, the anion is
barely stabilized by the in-plane neighboring molecules within
the herringbone configuration when extended beyond the first
shell. Further increasing the 2-D cluster to n = 63 (Fig. S2 of
the supplementary material) decreases the polarization energy
by 0.05 eV (P = 0.16 eV), while the vDE becomes 0.04 eV
and thus the anion is unstable. Our results for the 2-D crystalline clusters compare well with the polarization energy of
∼0.25 eV previously reported from 2-D anthracene clusters ranging from n = 20 to n = 150 using a self-consistent
approach within the valence bond theory at the Austin Model 1
(AM1) level.10 Overall, the results underline that, within a 2-D
naphthalene cluster, the polarization energy is not sufficient to
stabilize the anionic charge. It is worth noting that the ∆SCF
and Koopman’s theorem (KT) approaches yield similar trends
for the polarization energies; however, the absolute values are
slightly different.
The inspection of the electrostatic potential obtained for
naphthalene (see Fig. 2) shows a large negative potential perpendicular to the molecular plane and parallel to the molecular long axis (shown in red color in Fig. 2) and a positive
potential in the plane of the molecule. Therefore, an overall
repulsive in-plane interaction is expected for the 2-D clusters in the herringbone packing because of the high density of interacting negative (repulsive) electrostatic potentials
between neutral and anion (red colored regions in Fig. 2).
Rearrangement of the electron density will lead to an energetic stabilization; however, the induced-dipole interactions
in the 2-D clusters are not sufficiently stabilizing to offset
the repulsive interactions from the like charges. Thus, our
results indicate that to stabilize an excess electron in naphthalene, the presence of attractive (positive potential) interlayer

interactions is required. In Sec. III C, we thus turn to the 3-D
clusters.
C. Three-dimensional (3-D) clusters of naphthalene

The 3-D cluster configurations (Figs. S3-S5 in the
supplementary material) are obtained by extending the size
of the 2-D layers and adding extra layers on both sides. The
addition of one extra molecular layer on each side, which
completely encapsulates the central charged molecule (see
Fig. S3 in the supplementary material), results in a significant increase in the polarization energy and for a stable vDE
of +0.43 eV for the n = 47 3-D cluster. Intermediate configurations that provide for incomplete encapsulation result in
smaller stabilization energies. Thus, in a 3-D cluster of n = 25
molecules (see Fig. S4 in the supplementary material), the
vDE is only about +0.36 eV. The addition of two more layers,
i.e., going to a 5-layer cluster with n = 116 (see Fig. S5 in the
supplementary material), increases the vDE slightly to a value
of +0.49 eV. The vDE calculations for a 3-layer cluster with
n = 116 molecules yield a value of +0.42 eV, i.e., nearly the
same as that obtained for the 3-layer cluster of n = 47, including that the increase of 0.06 eV in the 5-layer cluster is due to
additional fourth and fifth layers. We note that the experimental vDEs attributed to crystalline clusters show a step-increase
from 0.86 eV to 1.1 eV when going from n = 47 to n > ca.
70.18 This step increase in the experimental vDE value suggests that upon increasing beyond a certain size threshold, the
cluster configuration changes to one with more layers.
We note that the estimated polarization energy for a
n = 116 five-layer cluster with a centrally localized charge
accounts for ca. two-thirds of the experimental value (+1.10
eV) for the naphthalene single crystal.1 The polarization
energy is expected to continue to increase with the cluster
size, especially upon addition of interlayer molecules. Nevertheless, the major contributions are captured within the first
few shells of neighboring molecules.
D. Amorphous clusters of naphthalene

It must be borne in mind that we are comparing our results
with experimental data on clusters for which geometric structures are in fact unknown. Hence, for the sake of consistency,
we have also investigated disordered clusters (see Figs. S6S9 in the supplementary material) where the excess electron is
localized on the central naphthalene molecule. For the smallest
cluster examined (n = 13 molecules), a vDE value of +0.73 eV
is determined, which is more than twice what is calculated for
a similarly sized ordered cluster. The vertical detachment energies and polarization energies are calculated to increase with
the cluster size; however, when compared to experiment,50 the
calculated vDE values remain lower, even for the largest cluster
sizes considered. This could be related to the fact that intermolecular geometry relaxations are not considered explicitly
upon addition of the excess charge to the amorphous clusters. In contrast to the crystalline clusters, we find here a linear
increase in the vDE as a function of N 1/3 (where N is the cluster size). This result is consistent with the observed evolution
in disordered clusters.18 This increase in the vDE is anticipated
to saturate and plateau at very large cluster sizes. We note that
the polarization energy derived from Koopman’s theorem (P )
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is consistently ca. 0.2–0.3 eV higher than P obtained at the
∆SCF level [P (∆SCF)] and increases with the cluster size, in
contrast to the 2-D case.
For an n = 70 amorphous cluster, the computed vDE
(+0.91 eV) and P (∆SCF) (+1.11 eV) are 0.5 eV larger
than what was computed for the crystalline cluster of the
same size (Table II). This 0.5 eV difference in the polarization energy derived from the QM/EC calculations is in close
agreement with the experimental value (∼0.4 eV, estimated
from the spectra reported in Ref. 18). The larger polarization
energy can be attributed to a re-orientation of the “in-plane”
molecules, which we recall do not stabilize the extra electron
in the ordered system. These confirm that packing and orientation can affect the polarization energy, as was recently
reported for pentacene thin films on silica and graphite19
and from a comparison of in P+ values in pentacene and
6,13-bis(triisopropylsilylethinyl)pentacene.51 Given the qualitatively correct trends observed for ordered and disordered
clusters of naphthalene, we now compare the electronic polarization energies in similarly sized clusters of anthracene,
tetracene, and pentacene.
E. Detachment energies in clusters of anthracene,
tetracene, and pentacene

For the n = 71 crystalline naphthalene cluster, there
occurs a difference of 0.6 eV between the vDE computed at
the QM/EC level and that observed experimentally.18 Going
to anthracene and tetracene (to the best of our knowledge,
no experimental results have been reported for pentacene),
smaller deviations (0.2–0.3 eV) are found between the computed and experimental vDE values, see Table III. For similarsize clusters with three molecular layers in each configuration
(i.e., cluster radii around 15-16 Å), the computed polarization energies represent about 69%, 77%, and 57% of the
experimental values for bulk anthracene, tetracene, and pentacene, respectively. Some disagreement among these values is
expected because our calculations consider small, finite clusters. These results indicate that the calculated polarization
energies for the excess electron in the clusters, although qualitatively follows in the right trends, are consistently too low,
possibly because of the limited sizes we were able to consider
in this study. In addition to the fact that we do not take into
account the geometry relaxation of the lattice (surrounding
TABLE III. Results of QM/EC calculations for similarly sized clusters of
naphthalene, anthracene, tetracene, and pentacene, where the QM region
includes a single molecule and the radius of the 3-D cluster extracted from
the crystal structure ranging from 14.5 to 16.5 Å. All values are in eV.
IP-tuned ωB97X-D
vDE

P (∆SCF)

P (KT)

vDE (n = 70)

P (bulk)

Naphthalene (71)
Anthracene (69)
Tetracene (71)
Pentacene (59)

0.42
1.12
1.50
1.92

0.62
0.75
0.71
0.64

0.88
0.83
0.80
0.74

1.0/1.4a
1.3/1.5c
1.8/2.0d
...

1.10b
1.09b
0.92d
1.17b

18.
1.
15.
d Reference 15.
b Reference
c Reference

F. Effect of charge delocalization

In the discussed above calculations, the excess charge
in the radical-anion state of the clusters was kept localized
on the central molecule. However, in crystalline materials,
some extent of delocalization of the charge carriers over a
finite number of molecules can be expected. In fact, a high
degree of delocalization corresponding to band transport rather
than polaron transport has been suggested for a number of
highly purified organic single crystals, such as oligoacenes and
derivatives.52,53 For instance, angle-resolved photoelectron
spectroscopy measurements have recently revealed a bandlike dispersion in the highest-occupied state of pentacene and
rubrene.54–56 Charge delocalization was also suggested to take
place in anionic oligoacene clusters.15,17,18
Since the QM treatment of large clusters is computationally demanding, we have extended our studies on naphthalene
by treating at the QM level a cluster of five molecules [see
Fig. 2(a)]. The CM5 atomic charges derived from the IP-tuned
ωB97X-D calculations are shown in Table IV. In order to
check the reliability of the ωB97X-D results, we also computed
the charge distribution at the CAS-SCF level, a methodology
that allows an understanding of the potentially multi-reference
nature of the wavefunction. Both approaches indicate that
about 70% of the excess charge remains localized on the central molecule. However, some difference is observed between
the delocalization patterns of the remaining 30% of the excess
charge. The CAS-SCF charge distribution is almost symmetric, as opposed to what is seen for the IP-tuned ωB97X-D
charges. Overall, however, the calculations indicate that the
IP-tuned ωB97X-D functional does provide a reliable degree
of charge delocalization.
The transport levels of a molecule embedded in a medium
or crystal environment are stabilized by the electronic polarization that arises from the interaction of a localized charge
carrier with the induced and permanent multipole moments of
the surrounding molecules. However, when the excess charge
delocalizes over several sites, there appears an additional contribution to the stabilization energy due to the resonance energy
(band dispersion) and a change in electrostatic interactions
due to the redistribution of the excess charge density. For
the sake of simplicity, we refer to this additional component
TABLE IV. CAS-SCF(11,10)/6-31G(d) and IP-tuned ωB97X-D/631+G(d,p) calculated total CM5 charge distribution for each molecule in
Fig. 2 for the lowest energy anion state in the herringbone configuration of
five naphthalene clusters.

Exp.

Molecule (number
of molecules)

a Reference

molecules), another factor is the possible delocalization of the
excess electron, to which we now turn in Sec. III F.

Naphthalene
Molecule
1
2
3
4
5
Total

ωB97X-D

CAS-SCF

0.04
0.09
0.04
0.09
0.74
1.00

0.07
0.07
0.07
0.07
0.72
1.00
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TABLE V. The stabilization energy, polarization energy (from Table II), and delocalization energy for various
naphthalene clusters with QM regions, including one or five molecules, calculated at the KT and ∆SCF levels. All
values are in eV.
System (number
of molecules)

Stabilization energy
(eV)

Polarization energy
(eV)

Delocalization energy
(eV)

Naphthalene (5)

KT
0.41

KT
0.07

KT
0.34

∆SCF
0.16

∆SCF
0.01

∆SCF
0.15

Naphthalene cluster with the central five molecules treated at the QM level
12 Å (47)
22.5 Å (116)

1.19
1.28

0.79
0.85

as the delocalization contribution. However, it is not obvious
how to separate the polarization and delocalization contributions. Therefore, here, we take a practical view and define the
delocalization contribution as the difference between the stabilization energy computed for a cluster with the excess charge
allowed to delocalize over five molecules and the stabilization
energy calculated for the same cluster with the excess charge
localized on a single molecule. In other words, we subtract
from the overall stabilization energies the corresponding electronic polarization energies computed using a localized charge
in Sec. III C.
For a five-molecule herringbone naphthalene cluster
[Fig. 2(a)], the stabilization energy derived in the framework of
Koopmans’ theorem (i.e., the difference between the HOMO
energy of the five-molecule system and the HOMO energy of
an isolated molecule both computed at the QM level) is +0.41
eV, see Table V. This value is about +0.16 eV at the ∆SCF
level, which is obtained by the difference in the total energies of the charged and neutral five-molecule cluster. Based
on these values for the stabilization energy and the values for
the polarization energy taken from Table II, the delocalization
energy is estimated to be 0.34 eV and 0.15 eV at the KT and
∆SCF levels, respectively. The results indicate that, in contrast
to QM/EC calculations discussed above, the radical-anion state
of a five-molecule naphthalene cluster is nearly stable when
electron delocalization is taken into account.
We have also considered larger 3-D clusters containing n = 47 and 116 molecules [see Figs. S3 and S5 of the
supplementary material) while now treating the central five
molecules at the QM level. In comparison with the fivemolecule cluster, the stabilization increases by +0.78 (+0.87)
eV] when going from the n = 5 to the n = 47 (n = 116) cluster at the KT level. In comparison, a stabilization of +0.63
(+0.69) eV is computed when using the ∆SCF energies. At
the KT level, the estimated delocalization energy is 0.32 eV
for both 3-D clusters and compares very well with the 0.34
eV value obtained for the five-molecule cluster. Similarly, the
∆SCF calculations provide a delocalization energy of ∼0.16
eV for the larger 3-D clusters, which is comparable to that
observed for the 2-D 5-molecule cluster (+0.15 eV). Similar
values of the delocalization energy at all cluster sizes are not
surprising since the size of the QM region was the same in all
calculations.
Overall, our results indicate that an increase in the QM
region from one to five molecules leads to an increase in the
stabilization of the electron transport level and EA energy

0.87
0.97

0.63
0.69

0.32
0.32

0.16
0.16

of the naphthalene clusters. As discussed above, the stabilization energy includes both the polarization energy and the
delocalization energy. In order to estimate the polarization
around the delocalized anion, the stabilization energy of the
five-molecule clusters is subtracted from the n = 47 (n = 116)
cluster, which results in a polarization energy +0.63 (0.69)
eV. This value is identical to the estimated polarization energy
in Table II for a localized charge on a single molecule for a
similarly sized cluster. Therefore, these results indicate that
the polarization energy around the delocalized anion does not
change. This feature is attributed to the fact that the intra-plane
contribution to the polarization energy is much smaller than the
inter-plane contribution, and thus, the delocalization and polarization become additive (which we label as the stabilization
energy).
Although a different material was examined, our finding
contrasts qualitatively with the recent QM/MM results3 from
Li et al. for pentacene, which indicate that an increase in the
QM region from one to three and five molecules leads to a
reduction in the polarization energy. In the work of Li et al.,3
the increase in the delocalization contribution resulting from
the increase in the QM region appears to be compensated by a
decrease in electronic-polarization contribution. In our work,
the additional four molecules included in the QM region in
the case of our calculations contribute to the delocalization
energy but do not impact the electronic polarization energy
(see Table II). These discrepancies might arise from the particular choices of the QM regions in the two studies and our
consideration here of only the electron transport level rather
than the band gap. Further investigations of how charge delocalization and electronic polarization affect the transport levels
are thus desirable.
IV. CONCLUSIONS

In this work, we use a QM/EC approach based on a
combination of long-range corrected DFT with the CM5
point-charge model to describe the electron affinity and
the polarization energy in oligoacene systems. The results
indicate that the QM/EC calculations can qualitatively
reproduce the experimental detachment energies of finite
naphthalene clusters derived by means of UPS measurements.
The results from calculations of 2-D naphthalene clusters with the excess electron localized on the central molecule suggest that in-plane interactions do not significantly
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contribute to the stabilization of the anion, especially in the
finite clusters studied. Our QM/EC computational approach
points to the out-of-plane dipoles (interlayer interactions) as
are the major contributors to the stability of the excess charge.
For 3-D clusters of naphthalene, interestingly, we find that
the peak experimentally attributed to the crystalline-like structure is due to a 3-D cluster that appears when a localized charge
is encapsulated completely with the addition of extra layers to the central 2-D herringbone packing layer. This occurs
for a cluster size of ca. n = 47 molecules and the additional
layers along the c-axis increase the polarization energy that
evolves in a step-wise manner in crystalline clusters. Calculations on finite clusters for a series of oligoacenes ranging from
n = 59–71 molecules yield polarization energies that are larger
than 50% of the bulk values even without the consideration of
the electron delocalization.
For disordered 3-D clusters, in line with experimental
data, we observe a linear increase in vertical detachment energies (vDEs) and polarization energies. Our results also show
that both quantities are significantly larger in such amorphous clusters when compared to the similarly sized crystalline
clusters.
Finally, in order to understand the effect of charge delocalization on the transport levels, we considered crystalline
naphthalene systems with a central five-molecule herringbone region treated at the quantum level. The results from
CAS-SCF and IP-tuned ωB97X-D calculations show that 30%
of the excess electron is delocalized on the additional four
molecules included in the QM region. A comparison of the
results obtained for similarly sized systems, with QM regions
of one and five molecules, allowed for a quantification of the
effect that the charge delocalization has on the stabilization
energy of the charged cluster; this contribution was computed
at ∆SCF (KT) level to be ca. 0.15 (0.3) eV in addition to the
polarization energy. Overall, these results underline that when
ordered systems are considered both delocalization and polarization effects should be taken into account. However, more
investigations along these lines are clearly needed.

SUPPLEMENTARY MATERIAL

See supplementary material for the illustrations of the
various 2-D and 3-D clusters employed in this work.
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