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ABSTRACT: Noncovalent interactions determine in large
part the thermodynamic aspects of molecular packing in
organic crystals. Using a combination of symmetry-adapted
perturbation theory (SAPT) and classical multipole electro-
statics, we describe the interaction potential energy surfaces for
dimers of the oligoacene family, from benzene to hexacene,
including up to 5000 configurations for each system. An
analysis of these surfaces and a thorough assessment of dimers
extracted from the reported crystal structures underline that
high-order interactions (i.e., three-body nonadditive interac-
tions) must be considered in order to rationalize the details of
the crystal structures. A comparison of the SAPT electrostatic
energy with the multipole interaction energy demonstrates the
importance of the contribution of charge penetration, which is
shown to account for up to 50% of the total interaction energy in dimers extracted from the experimental single crystals; in the
case of the most stable cofacial model dimers, this contribution is even larger than the total interaction energy. Our results
highlight the importance of taking account of charge penetration in studies of the larger oligoacenes.

I. INTRODUCTION

In organic molecular crystals, like those derived from π-
conjugated molecules such as sexithienyl or the oligoacenes
(benzene, naphthalene, anthracene, tetracene, pentacene, and
hexacene), the molecules generally interact through weak van
der Waals forces.1 Chemical substitution/functionalization,
either within the conjugated backbone or along the periphery,
can greatly impact these noncovalent interactions (for instance,
through increased/decreased π-conjugation, introduction of
dipole moments, or modulation in the sign or magnitude of
multipole moments) and result in substantial changes in solid-
state molecular packing and materials properties.2,3 Given their
importance, a fundamental understanding of the noncovalent
interactions among π-conjugated molecules would be a key step
toward the more comprehensive understanding required to
synthetically design novel molecular-based materials systems.
Here, by applying symmetry-adapted perturbation theory
(SAPT) to a series of π-conjugated molecules, we develop
insight into the evolution of noncovalent interactions upon
various geometric transformations.
Sherrill, Wheeler, and others have shown that a simple

electrostatic picture is not enough to accurately describe the
molecular interactions that drive the solid-state packing of π-
conjugated systems, as dispersion effects dominate the
interactions.4−8 Recently, additional effects due to charge

penetration − the electron−nucleus attraction due to the
reduced screening of the nuclei of one monomer by its
electrons as the electron clouds of two monomers overlap −
have been shown to be significant at typical intermolecular
separations in organic crystals.9−15 In fact, without the inclusion
of explicit charge penetration,16 force fields using atom-
centered charge models and semiempirical models where only
electrostatic interactions are considered for the environment of
a given subsystem are of limited use to describe the complex
interactions in noncovalently bound systems, especially for
nonpolar materials.9 We note that a number of force fields that
include explicit terms for charge penetration have been
reported or are currently in development.4,17−21

In attempts to understand the packing behavior of
oligoacenes in the solid state, a number of investigations have
explored the nature and strength of the noncovalent
interactions.6,8,22−34 These investigations generally have
focused on a few representative dimer configurations (see
Figure 1), in particular the cofacial (eclipsed or parallel-
displaced) and T-shaped configurations, or only on the
separation distance between dimers, though a few studies
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have also explored broader potential energy surfaces for
oligoacene interactions as a function of the oligoacene
length.33,34 This issue is of interest since the crystalline
packings change with oligoacene length, which is indicative of
modifications in the noncovalent interactions.
By applying SAPT to dimers of benzene, naphthalene,

anthracene, tetracene, pentacene, and hexacene, we explore the
influence of acene length on the noncovalent interactions of the
oligoacenes and make connections with preferred crystal
packing configurations. For each of the systems, we consider
three dimer transformations related to (i) angle between
monomers, where we vary the dimers from a cofacial
arrangement to a T-shaped configuration; (ii) intermolecular
separation, where we vary the separation distance from 2.8 to
5.0 Å;35 and (iii) translation, where a molecule in the dimer is
moved along its long-axis from an eclipsed configuration to one
of no molecular overlap (see Figure 2). From these
transformations, we construct potential energy surfaces of the
individual transformations and select combinations of trans-
formations to extract trends in the noncovalent interactions.
Additionally, we examine the charge penetration contribution
to the interaction energy as a function of acene length. We
observe that the charge penetration increases linearly with
acene length and becomes significant at increasing distances for
longer acenes.

II. COMPUTATIONAL METHODOLOGY
At the electronic-structure level, the evaluation of noncovalent systems
is often limited to methods that utilize empirical dispersion terms
added to the final energy, such as in the density functional theory
(DFT) plus dispersion (DFT+D) formulation,36−43 or to computa-
tionally expensive methods such as CCSD(T).44 On the other hand,
empirical dispersion corrections, such as Grimme’s D2 or D3
corrections,37,45 including terms to model dispersion such as C6/R

6

and C8/R
8, where Cn is the dispersion coefficient and R−n is the

distance dependence of a specific term between two atom centers,
have been shown to underestimate the dispersion contribution by
some 40% compared to wave function-based methods;11 on the other
hand, highly accurate methods such as CCSD(T) are limited to system
sizes of at most a few tens of atoms due to unfavorable scaling, O(n7).
Because of these limitations, intermediate methods are often used,
such as spin-component scaled MP2 (SCS-MP2);46,47 SCS-MP2
interaction energies have shown good agreement with CCSD(T)
interaction energies (within less than 0.2 kcal/mol error);48 we note
that SCS-MP2 is parametrized using CCSD(T) reaction energies fit to
a test set.

Each of the above methods uses a supermolecular approach, where
the interaction energy is the difference between the energy of a dimer
or complex consisting of two molecules and the energies of the
isolated molecules. This method, however, relies on the subtraction of
two very large values to obtain a relatively small value, where the error
associated with the large values can be greater than the desired
quantity. To avoid this issue, the interaction energy can also be treated

Figure 1. (Top) Chemical structure of linear oligoacenes, where n is the number of fused rings, i.e., n = 1 for benzene and n = 5 for pentacene.
Illustration of the pentacene dimer with (a) an eclipsed configuration; (b) a parallel-displaced configuration; and (c) a T-shaped configuration.

Figure 2. (Left) Ball-and-stick representation of pentacene as a function of angle between monomers. Ball-and-stick representations of pentacene
displaying increasing intermolecular separation (center) and long-axis translation (right) as the second monomer moves from an eclipsed
configuration to no-overlap. Note that in all instances only one of the monomers is shown moving (and adopts colors from blue to green), while the
other monomer (in red) remains at a fixed position.
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as a perturbation to the Hamiltonian of the individual monomers. The
most widespread perturbative approach is symmetry-adapted
perturbation theory (SAPT),32 which has the additional advantage
compared to supermolecular approaches of allowing for a decom-
position of the interaction energy into physically meaningful
components: exchange, dispersion, permanent electrostatics, and
induction; more thorough discussions of these components are
available in the literature11,32,49 (note that there exist other energy
decomposition analysis schemes, such as that derived by Moroku-
ma50,51 and applied to SCS-MP2 interaction energies by Grimme).52

All SAPT calculations were completed at the SAPT0/jun-cc-pvdz
level (hereafter simply denoted as SAPT0) as implemented in the PSI4
program.53 This level of calculation has been dubbed the bronze-
standard by Parker and co-workers54 as it allows for accurate
calculations of interaction energies (mean absolute error of 0.49
kcal/mol for the S22 test set) in reasonable computational times; this
requirement is necessary given the large number of configurations
considered in the present work, up to 5000 points in the case of
hexacene. Additional comparison of SAPT0 to SAPT(DFT) for
cofacial and T-shaped benzene dimers (S3 and S8 from ref 55) results
in errors of 0.12 and 0.47 kcal/mol, respectively. The interaction
energy is divided into four contributions: (i) exchange; (ii)
electrostatics; (iii) induction, which contains the induction,
exchange-induction, and delta-HF correction terms; and (iv)
dispersion, which contains dispersion and exchange-dispersion. All
distributed multipole analysis (DMA) calculations were carried out at
the HF/6-311G(d,p) level as implemented in the Molpro software
suite.56 Distributed multipoles were centered at each atom. The DMA
data were then used to calculate multipole-multipole interaction
energies through the 32-pole and up to rank 6 (i.e., R‑6) using a custom
script based on the equations of Stone.57 The geometries of the crystal
dimers were taken from the experimentally determined structures as
reported in the Cambridge Structural Database without further
modification: benzene (BENZEN15),58 naphthalene (NAPHTA06),59

anthracene (ANTCEN09),60 tetracene (TETCEN01),61 and penta-
cene (PENCEN04).62 The dimer geometry of crystalline hexacene was
extracted from the recently reported crystal structure in ref 63. For
tetracene, pentacene, and hexacene the dimers were constructed using
both molecules in the unit cell.
The geometries of isolated benzene, naphthalene, anthracene,

tetracene, pentacene, and hexacene molecules were optimized at the
MP2/6-31+G(d,p) level as implemented in the Gaussian 09 Rev. B.01
software suite.64 For pentacene and hexacene, the enforcement of D2h

symmetry was required to obtain minimized geometries.
Dimers for the SAPT0 analyses were then created by duplicating the

optimized single molecules (denoted as Molecule #1) and trans-
forming the position of Molecule #2 through a broad spatial profile
using a custom script. The following molecular transformations are
considered:
• The intermolecular separation was varied in 0.1 Å increments

from 2.8 to 5.0 Å, see Figure 2, center.
• Molecule #2 was translated along the oligoacene long-axis, going

from a perfectly eclipsed configuration to no spatial molecular overlap
with Molecule #1, in either 0.1 or 1.0 Å increments (from 0.0 to17.0 Å
for hexacene), see Figure 2, right.

• The intermonomer angle was varied from 0° (cofacial) to 90° (T-
shaped) in 10° increments, with the additional consideration of a 45°
dimer, see Figure 2, left.65

Note that all possible combinations of the above dimer
configurations are considered, as this strategy allows for the creation
of a multidimensional potential energy surface that can then be
separated according to individual transformations or combinations of
transformations. For each dimer configuration considered, both the
SAPT0 interaction energy and multipole electrostatic interaction
energy were determined.

As the DMA interaction between molecules corresponds to a
description of the electrostatic term in which only the charge
penetration is neglected, the charge penetration contribution to the
interaction energy is calculated as the difference between the SAPT0
electrostatic interaction energy and the DMA electrostatic interaction
energy (we note that some error is associated with this procedure due
to the DMA truncation at the 32-pole and the differences in basis
sets). The charge penetration contribution has been calculated only
along the intermolecular separation coordinate, as this is where its
impact should be most pronounced.

III. RESULTS AND DISCUSSION

a. Interaction Energies of Crystal Geometry Dimers.
To provide a baseline for comparison, we first examine the
noncovalent interactions in dimers extracted from the
experimentally determined crystal structures (Table 1); for
asymmetric unit cells, i.e., tetracene, pentacene, and hexacene,
the dimer is composed of both molecules of the unit cell. As
expected, we observe that the interaction energy increases as
the acene length increases, e.g., by ∼220% from benzene to
naphthalene and by ∼20% from pentacene to hexacene, see
Table 1. The largest contribution to the interaction energy is
dispersion, whose contribution is about 50% larger and of
opposite sign as the exchange contribution, and generally
displays the largest relative increase as the number of fused
rings is increased. While their contributions are smaller, the
electrostatic and induction contributions also rapidly increase as
acene length increases, with individual contributions being of
the same order of magnitude and often larger than the
difference between the exchange and dispersion contributions,
highlighting the importance of these terms to the overall
interaction energy.
As stated earlier, the experimentally determined crystalline

packings change with increasing acene length. For benzene, the
dimer configuration is more similar to that of an ideal T-shaped
dimer where the edge of one of the molecules is oriented
toward the face of the other, with a T-shape angle of about 83°.
For the other acenes, the picture is not as simple since
naphthalene and anthracene show a rotation in the plane of the
backbone of one molecule, such that the long-axes of the two
molecules are not parallel. In addition, the angle between the
longer acenes is reduced further from the idealized 90° for a T-

Table 1. SAPT0/jun-cc-pvdz Energy Decomposition Analysis Components of Oligoacene Dimers Extracted from Their
Experimentally Determined Crystal Structuresa

ESAPT0 (kcal/mol) Eelect (kcal/mol) Eind (kcal/mol) Edisp (kcal/mol) Eexch (kcal/mol)

benzene −2.41 −1.19 −0.25 −2.81 1.85
naphthalene −5.35 −2.53 −0.67 −7.21 5.06
anthracene −8.50 −3.69 −1.02 −11.36 7.58
tetracene −12.08 −4.06 −1.24 −15.57 8.78
pentacene −16.95 −6.43 −2.03 −21.89 14.06
hexacene −20.43 −6.91 −2.18 −26.59 15.25

aESAPT0 is the total SAPT0 interaction energy; Eelect, Eexch, Eind, and Edisp are the electrostatic, exchange, induction, and dispersion contributions,
respectively. All units are in kcal/mol.
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shaped dimer to between 50° and 53°. This range of
configurations necessitates that a large space must be sampled
to fully understand how noncovalent interactions determine the
crystalline packing morphologies.
b. Evolution of the Intermolecular Interactions upon

Dimer Transformation. We now turn to the dimer
configurations that are the primary interest of this investigation.
Previously, the benzene through tetracene cases have been
considered by Grimme52 to determine if “special” π−π
interactions are present in stacked aromatic complexes that
are not present in saturated hydrocarbons, while the benzene
through pentacene cases were considered by Sherrill11 in an
application of density fitting to SAPT and to further investigate
π−π interactions. Both of these studies, though, focused on
only a few possible dimer configurations, i.e., ideal T-shaped,
eclipsed, or parallel-displaced (Figure 1). The work of
Podeszwa and Szalewicz mapped comprehensive six-dimen-
sional potential energy surfaces, but this study was restricted to
benzene, naphthalene, and anthracene, making it difficult to
determine packing effects as a function of acene length.33,34 As
noted above, the packing in the solid state is much more
complex than these idealized configurations, and it is of interest
to understand what drives the preferred packing orientations. In
order to provide a more complete picture, we investigate here a
very large number of configurations, extending into the
thousands.
Before looking at trends upon specific transformations, it is

important to determine the lowest energy structures for both
cofacial and T-shaped arrangements along the potential energy
surface for the sake of comparison to prior investigations, see
Table 2. Note that the lowest energy dimer configurations are
not equivalent for each system: e.g., cofacial benzene prefers a
3.5 Å interplanar separation with a 1.7 Å long-axis translation,
while in pentacene the molecular planes are separated by 3.4 Å
with a 1.3 Å translation; a comparison of dimers in equivalent
arrangements will be made later. It is interesting to note that
the preferred long-axis translations of one molecule of the
dimer species do not appear to correspond to any specific
geometric value, such as the midpoint of the fused rings (1.21
Å), with optimal displacements generally larger.

For each of the acene systems, we find that the cofacial
arrangement is preferred over the T-shaped configuration and
that the interaction energy difference between cofacial and T-
shaped increases nonlinearly with acene length. This agrees well
with previous results for benzene, where the cofacial benzene
dimer was estimated to be about 0.1 kcal/mol more stable than
the T-shaped dimer;33 the global minimum of benzene has
been reported as a twisted T-shaped dimer.33,66 The primary
contributions to the energy difference between the config-
urations are the dispersion component (larger for the cofacial
dimers due to the increased degree of interaction of the π-
clouds) and the electrostatic component, with both providing
approximately equal contributions. The electrostatic contribu-
tion is perhaps the more interesting to consider since there is a
qualitative difference between the multipole-only based electro-
static interaction and the SAPT0-determined electrostatic
interaction for the cofacial arrangement. This is due mainly
to charge penetration, resulting from the overlap of the π-
clouds at relatively small intermolecular separations. Addition-
ally, note that as the number of fused rings increases, the DMA
electrostatic energy increases by a relatively small amount (0.5
kcal/mol/ring) compared to the SAPT0 electrostatic energy
(1.5−2.0 kcal/mol/ring), again due to the large contribution of
charge penetration at short intermolecular distances, vide inf ra.
We next evaluate how the potential-energy surfaces of

different dimers change under specific transformations (Figures
S1−S30). First, we considered the case where only the
separation distance is changed. As expected, the interaction
energy falls quickly as the separation distance increases beyond
ca. 3.5 Å,67 with the exchange term decaying fastest
(exponential dependence),33 followed by electrostatics and
induction interactions,68 and then dispersion interactions
(approximately R‑6 dependence). Note that there is fast decay
of the electrostatics at small separations due to the exponential
dependence of the charge penetration on the density overlap.
Dispersion dominates the interaction energy at separations
greater than 4.5 Å for cofacial arrangements and greater than
4.0 Å for T-shaped dimers; at even larger separations (i.e.,
greater than ∼7 Å), the electrostatics again take over due to the
1/R5 distance dependence of the quadrupole−quadrupole
interactions compared to the approximately 1/R6 distance

Table 2. SAPT0 Energy Components and DMA Electrostatic Interaction Energies of the Lowest-Energy Oligoacene Dimers in
Cofacial (0°) and T-Shaped (90°) Arrangementsa

ESAPT0 (kcal/mol) Eelect (kcal/mol) Eind (kcal/mol) Edisp (kcal/mol) Eexch (kcal/mol) EDMA (kcal/mol)

Cofacial
benzene (3.5/1.7) −2.82 −1.645 −0.73 −6.72 6.28 1.34
naphthalene (3.5/1.5) −7.58 −3.45 −1.23 −15.00 12.10 2.22
anthracene (3.4/1.4) −13.47 −7.78 −2.32 −27.34 23.96 3.93
tetracene (3.4/1.3) −19.16 −10.30 −3.06 −37.43 31.63 4.08
pentacene (3.4/1.3) −25.28 −12.79 −3.81 −47.70 39.03 4.88
hexacene (3.4/1.3) −31.65 −15.34 −4.60 −58.22 46.51 5.69
T-Shaped
benzene (3.5/0) −2.82 −1.80 −0.53 −3.79 3.29 −0.67
naphthalene (3.5/0) −5.88 −3.35 −1.05 −8.31 6.82 −1.15
anthracene (3.5/0) −9.25 −4.83 −1.55 −13.18 10.31 −1.55
tetracene (3.5/0) −12.67 −7.43 −2.46 −20.05 17.27 −1.93
pentacene (3.5/0) −16.31 −9.27 −3.13 −25.86 21.95 −2.30
hexacene (3.5/0) −20.11 −9.82 −3.35 −29.54 22.61 −2.72

aESAPT0 is the total SAPT0 interaction energy; Eelect, Eexch, Eind, and Edisp are the electrostatic, exchange, induction, and dispersion contributions,
respectively, and EDMA is the multipole−multipole electrostatic interaction energy. Values in parentheses present the separation distance and long-
axis translation (in Angstroms), respectively. All energy data are in kcal/mol.
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dependence of dispersion. The slower falloff of the dispersion
for cofacial dimers may be attributed to the large interaction of
the π-clouds, and while exchange and charge penetration also
depend on π-cloud interactions, their contribution falls off
exponentially as distance increases, i.e., much faster than
dispersion, which evolves as a power series in the form 1/R6 +
1/R8 + 1/R10 + ....57

If we start with dimers that are in an eclipsed, cofacial
configuration (no long-axis translation), at 45°, and at 90° (T-
shaped) followed by a separation of the dimers, we observe a
combination of the angle, separation, and length dependences,
see Figures S7−S12. The 45° dimer is the least stable
configuration for each of the acenes and has its lowest energy
configuration at a larger separation (3.8 Å) than either the
eclipsed or T-shaped orientations, thus limiting the stabilization
due to charge penetration. Furthermore, as the acene length
increases, the strongest interacting configuration changes. For
example, for benzene, the T-shaped dimer is the most stable,
with the curves for the 45° and eclipsed dimers being
approximately equal. As the number of fused rings is increased
to anthracene, the eclipsed dimer curve becomes intermediate
between those of the 45° and 90° dimers. Finally, for
pentacene, the eclipsed curve is slightly more stable than the
90° dimer, due to a combination of dispersion and electrostatics
interactions.
From Figure 3, we observe that the potential-energy surfaces

of benzene, anthracene, and pentacene, as the angle between
the dimers is changed, are similar although the scales are
different. For all systems, the evolution of ESAPT0 follows
qualitatively those of exchange and electrostatics with minima
at about 20° and 90° and a maximum at about 60° (i.e.,
exchange is more repulsive when electrostatics are more
attractive). Here, electrostatics are dominated by charge
penetration at the intermolecular distances considered; thus,
both exchange and electrostatics are dependent on the extent of
orbital overlap with their contributions being of opposite sign.
It is noteworthy that the intermonomer angles found in the

crystal structures (∼50° to ∼83°) lie near the maximum of
ESAPT0; these results suggest that these configurations should be
less stable than other arrangements. That this is in fact not the
case underlines that there exist important interactions in the
bulk material that are not accounted for in two-body SAPT0,
such as nonadditive three-body interactions. In benzene
trimers, the three-body dispersion correction has been
estimated to be in the range of 0.76 to 1.67 kcal/mol, a
significant contribution.69−72 Indeed, Szalewicz has recently
proposed a model to predict crystal packing that requires the
inclusion of such nonadditive terms.13

Interesting trends present themselves when we consider
cofacial or T-shaped dimers at a fixed separation and displace
one molecule of each dimer along the long axis (Figure 4). For
each of the cofacial dimers, ESAPT0, Eexch, and Eind fluctuate with
the number of maxima and minima corresponding to the
number of fused rings (i.e., one maximum/minimum for
benzene and five maxima/minima for pentacene), while Eelect
displays maxima and minima opposite the other contributions.
The minima in total energy correspond to a staggered
arrangement, where bridging carbon−carbon bonds are above
the rings of the adjacent molecule. Similar trends are observed
for the T-shaped dimers, although the energy difference
between the maxima and minima is larger. This is due to the
close contacts that occur when the peripheral hydrogens are
pointed toward bridging carbon−carbon bonds.

Lastly, we consider cofacial dimers that undergo concurrent
increased intermolecular separation and long-axis translation,
see Figure 5. Contour plots provide additional details that are
not otherwise readily apparent with traditional two-dimensional
plots, which allows the extraction of information that might
otherwise be missed. Here, we also shift our focus from
benzene, anthracene, and pentacene to benzene, tetracene, and
hexacene as interesting features become apparent in tetracene
and hexacene that are more difficult to distinguish in
anthracene and pentacene. From Figure 5, we find that the
potential energy surfaces are indeed complex, with structures
that are relatively stable at small intermolecular distances. For
example, there is a stable benzene dimer (−1.79 kcal/mol) with
only 2.8 Å of interplane separation when one molecule is

Figure 3. SAPT0 energy components for benzene (top), anthracene
(center), and pentacene (bottom) at a separation distance of 3.5 Å, 3.4
Å, and 3.4 Å, respectively, with no long-axis translation, as the angle
between the molecules is changed from cofacial (0°) to T-shaped
(90°). Energy components are total SAPT0 energy (black), SAPT0
electrostatics (blue), SAPT0 induction (green), SAPT0 dispersion
(navy), and SAPT0 exchange (magenta).

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b01340
Chem. Mater. 2016, 28, 3990−4000

3994

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b01340/suppl_file/cm6b01340_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b01340


displaced by 5 Å; in this instance, the aromatic rings no longer
possess spatial overlap but still strongly interact through their
electron densities. In this configuration, the electrostatic
component is strongly stabilizing (−1.18 kcal/mol), while the
exchange (1.81 kcal/mol) and dispersion (−2.22 kcal/mol)
terms nearly negate each other. Additionally, as the acene size
increases to tetracene, there is the formation of a secondary
well with the lowest point in the well corresponding to a
separation distance of 3.3 Å. For tetracene, there also exists a
third well forming at a long-axis displacement of 6.0 Å. This
becomes more apparent in hexacene, where another stable
configuration appears at about 8.0 Å of long-axis translation.
For each of these situations, the low-energy structures
correspond to staggered cofacial arrangements − reminiscent
of the molecular packing found in TIPS-pentacene [6,13-

bis(triisopropylsilylethynyl)pentacene] − where the bridging
carbon−carbon bonds of one molecule are interacting with the
face of the fused rings on the adjacent molecule.3,73 While it is
generally accepted that the sterics of the TIPS groups in TIPS-
pentacene dominate the packing, preventing a herringbone
packing motif, the nonbonded interactions act to fine-tune this
packing, resulting in the staggered, cofacial arrangement
observed in the reported crystalline structure.

c. Charge Penetration Contribution to Nonbonded
Interactions. In a traditional multipole electrostatics picture,
implemented in most force fields using multipoles of rank 0
(i.e., charges) at atom centers, the electrostatic interactions in
T-shaped dimers of the acenes are largely stabilizing, due to the
positive−negative partial charge interactions that are trying to
recreate the quadrupole−quadrupole interactions. In the
cofacial dimers, the electrostatic interactions are destabilizing
due to the negative-negative quadrupole−quadrupole inter-
actions, as shown in the last column of Table 2. However,
CCSD(T) and SAPT calculations indicate that the cofacial

Figure 4. SAPT0 energy components for benzene (top), anthracene
(center), and pentacene (bottom) at a separation distance of 3.5 Å, 3.4
Å, and 3.4 Å, respectively, in a cofacial arrangement as the long-axis
translation is varied from 0.0 Å to no molecular overlap in 0.1 Å
increments. Energy components are total SAPT0 energy (black),
SAPT0 electrostatics (blue), SAPT0 induction (green), SAPT0
dispersion (cyan), and SAPT0 exchange (magenta).

Figure 5. Contour plots of the total SAPT0 interaction energies for
benzene (top), tetracene (center), and hexacene (bottom) for cofacial
configurations as the separation distance and long-axis translation are
varied. Note that the color scales have been adjusted for each plot so
that qualitative differences are easier to distinguish. Dark red areas
correspond to positive interaction energies.
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dimer is in fact more stabilizing,23 which represents a qualitative
discrepancy. From previous energy decomposition analysis
studies34,46 and SAPT calculations,11 as well as has been shown
here, the Eelect component of the nonbonded interactions is
more stabilizing in the cofacial configurations than in the
corresponding T-shaped dimers, an effect due to charge
penetration; this has been highlighted by Podeszwa and
Szalewicz who state that for “stacked configurations, the
stabilizing part of the electrostatic energy is exclusively due to
the [penetration] effects”.34

As the electron clouds of two monomers begin to overlap at
small intermolecular distances, the multipole picture breaks
down. This comes from the fact that in such instances there is a
reduction of the screening of the nuclei in one monomer by its
own electron distribution. Thus, there appears an attractive
electron−nucleus interaction that increases rapidly as the
overlap further increases; at the same time, Eexch also increases
rapidly and eventually overwhelms any stabilization due to
charge penetration. This breakdown of the multipole
approximation and the importance of charge penetration in
benzene dimers are highlighted in Figure 6. At large separation

distances, i.e., greater than 4 Å, the charge penetration
contribution is negligible and the electrostatic contribution in
the cofacial configuration is repulsive, which agrees very well
with the multipole approximation. At separations less than 4 Å,
the charge penetration is important, with the SAPT electro-
static contribution becoming strongly stabilizing in both dimer
configurations, although more so for the cofacial case; this
results in a qualitative difference between the multipole
approximation and the SAPT electrostatics, as has been
highlighted previously by Sherrill and co-workers.28

In order to quantify the charge penetration contribution in
the oligoacene dimers, we evaluated the DMA multipole
electrostatic interaction energy and the SAPT0 electrostatic
interaction energy for each of the acene configurations
considered above. We calculated the multipole interaction
energy through the fifth rank, e.g., charge−32-pole or octopole-
quadrupole, to provide increased accuracy. Thus, the only
significant difference between the SAPT0 electrostatic energy
and the multipole electrostatic energy should be the
contribution from charge penetration. In Figure 7, the
difference between the multipole electrostatics and SAPT0
electrostatics is plotted for pentacene, with the resulting charge

penetration contribution being more stabilizing than the
SAPT0 electrostatics term itself; this result is due to the
multipole interaction being destabilizing at smaller distances.
For each of the lowest energy cofacial dimer configurations, the
charge penetration contribution is calculated to be of the same
size as the total SAPT0 interaction energy, which underlines the
importance of this contribution (Table 3). It is interesting to
note that for each system, the charge penetration turns on
significantly (greater than 1 kcal/mol) at a different point (4.0
Å for cofacial benzene and 4.4 Å for cofacial pentacene), while
Eexch begins to dominate at about 3.2 Å, resulting in a rapid
decrease of the interaction energy.

Figure 6. Electrostatic interaction energy in cofacial/eclipsed (■; blue,
black) and T-shaped (●; red, purple) benzene dimers with no long-
axis translation, as calculated at the SAPT0 (solid) and DMA
electrostatic (crossed) levels as a function of separation distance.

Figure 7. (Top) SAPT0 electrostatics interaction energy (red) and
DMA electrostatic interactions energy (black) for pentacene in a
cofacial configuration with no long-axis translation, as the separation
distance changes in 0.1 Å increments from 2.8 to 5.0 Å. The charge
penetration contribution (blue) is defined as the difference between
the SAPT0 and DMA electrostatic energies. (Bottom) Charge
penetration contributions for benzene (black), naphthalene (red),
anthracene (green), tetracene (blue), pentacene (cyan), and hexacene
(magenta) for eclipsed dimers as a function of separation distance.

Table 3. SAPT0 Interaction Energies, DMA Interaction
Energies, and Charge Penetration Contribution in the Most
Stable Cofacial Oligoacene Dimersa

ESAPT0 (kcal/mol) EDMA (kcal/mol) Echp (kcal/mol)

benzene −2.82 1.34 −6.15
naphthalene −7.42 2.04 −9.61
anthracene −12.64 2.73 −13.07
tetracene −18.08 4.47 −16.51
pentacene −24.09 5.28 −19.96
hexacene −30.36 6.09 −23.47

aAll values are in kcal/mol.
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We can further compare the charge penetration contribution
for cofacial and T-shaped dimers in their respective lowest
energy configurations and the charge penetration contribution
in the experimental crystalline dimers, see Figure 8. For each

set of systems, there is a linear increase in the charge
penetration contribution as the acene length increases, with
the amount of increase dependent on the dimer configurations.
As one would expect because of the larger π−π overlap, the
cofacial dimers present the largest charge penetration
contribution; the T-shaped dimers also present a large charge
penetration energy, due to the peripheral hydrogen atoms
interacting with the face of the adjacent molecule. Interestingly,
the charge penetration contribution in the experimental crystal
dimers is much smaller than for either model configuration.

This is due to the rotation in the plane of the backbone in the
smaller acenes and a displacement along the short-axis of one of
the molecules in the larger acenes, which reduces the overlap.
Nevertheless, the charge penetration energy in the experimental
structures still accounts for between 20% and 50% of the total
interaction energy. Thus, charge penetration must be accounted
for if prediction of the molecular packing of π-conjugated
molecules is to be realized.

IV. CONCLUSION

We applied wave function-based symmetry-adapted perturba-
tion theory methodologies and distributed multipole analysis
electrostatics approaches to the study of dimers of benzene
through hexacene, to create potential energy surfaces under
three transformations: (i) angle, (ii) separation, and (iii) long-
axis translation. We find that the lowest-energy model dimers
present a cofacial arrangement. In each instance, this
configuration is significantly more stable than the configuration
found in the experimental crystal structures; these results point
out that additional interactions outside of those accessible from
a dimer model are needed to accurately describe and eventually
predict bulk packing.13,18,74 Considering the results obtained
for the three transformations, the following conclusions can be
drawn:
• Qualitatively identical behaviors for both intermonomer

angle and separation transformations are observed as acene
length is increased, with the primary difference being one of
scale.
• Upon long-axis translation, there appear a series of peaks

and valleys that correspond to the number of fused rings in
each acene molecule. These valleys and peaks assist in
explaining why the acenes pack in a staggered, herringbone
motif instead of a perfectly aligned herringbone configuration.
• Upon combining transformations, smaller intermonomer

separation distances become accessible as acene length
increases, such as a 3.3 Å separation in tetracene.
• For all of the acene systems, Eelect, Eexch, and Eind have a

linear dependence on acene length, while Edisp and thus ESAPT0
have a nonlinear dependence.
• As the dimer configurations change, there is a smooth

evolution of the noncovalent interactions; however, it is evident
that a two-body approach is not sufficient to capture the
intricate interactions in nonpolar organic crystals.
We also specifically explored the charge penetration

stabilization that occurs as electron densities overlap at short
distances. The multipole approximation is seen to break down
at separation distances shorter than 4 Å, with this evolution not
restricted to cofacial systems but also occurring for the T-
shaped dimers. With respect to the intermolecular total
interaction energy, for both the model systems and the dimers
extracted from the experimental crystal structures, the charge
penetration is calculated to be a stabilizing force of similar size.
Our results confirm that an accurate prediction of the

interactions among π-conjugated molecules requires proper
account of charge penetration and three-body interactions.75

Overall, the potential energy surfaces for the oligoacene dimers
expose the challenges facing molecular crystal engineering, with
the small energy differences among rather different config-
urations of π-conjugated dimers illustrating why polymorphs
are such common features of these systems. The results also
provide optimism in the full breadth of synthetic chemistry to
coax molecules into configurations optimal for organic

Figure 8. Evolution of the charge penetration contribution in the
linear oligoacenes as a function of the number of fused rings for lowest
energy cofacial dimers (top), lowest energy T-shaped dimers (center),
and dimer configurations extracted from the experimental unit cells
(bottom) of benzene (black), naphthalene (red), anthracene (green),
tetracene (blue), pentacene (cyan), and hexacene (magenta).
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semiconductor applications through judicious choice of
chemical functionality.
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