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ABSTRACT: Stacked dimers of four polycondensed aromatic hydrocarbons, with
structures varying from high to reduced symmetries, have been calculated with
dispersion-corrected density functional theory. The configurations of the stacked
dimers are readily classified by two in-plane displacements and a relative rotation. The
potential energy surface in these three coordinates was calculated with rigid monomers
and appears to be slightly flat. Full geometry optimization was performed for selected
low-energy structures, resulting in an energy ranking of a series of conformations whose geometries were characterized in
considerable detail. The dissociation energy values reveal a clear preference for the symmetrical disk-shaped and triangular
structures to dimerize into two in-plane-displaced arrangements, whereas the less symmetrical trapezoidal structures show a
tendency to stack in displaced antiparallel over parallel arrangements. According to methodical checks, the key computational
results, namely, the shape of the potential energy surface and the geometrical structures and energy ranking of dimer
conformations, are essentially insensitive to computational assumptions such as the atomic orbital basis set and density functional
chosen. This is shown in particular for the basis set superposition error, which, for the selected level of theory [B97-D3(BJ)/
TZV(d,p)] was estimated by the counterpoise correction procedure to be in the narrow range between 7% and 8% of the
uncorrected dissociation energies.

■ INTRODUCTION

The significant stability and unrivaled noncovalent π−π
stacking1 bonding that confer self-assembled polycondensed
aromatic hydrocarbons (PAHs) with superior physicochemi-
cal2a−g and optoelectronic3a−k properties have drawn consid-
erable attention in the past two decades. To simplify their
synthesis, experimental efforts have focused on making highly
symmetrical PAHs with structures ranging from linear to disk-
shaped.4a−i Nevertheless, the high symmetry of these structures
complicates their uneven decoration with lateral groups (i.e.,
solubilizing aliphatic chains). A more convenient approach is to
synthesize multisubstituted PAHs with analogous lateral
groups, which hinders the stacking of the aromatic core by
reducing the desired π−π noncovalent bonding.5a,b

We are interested in exploring the π−π stacking of PAH
structures whose reduced symmetry allows a disproportionate
decoration with lateral groups. Among others, the half-lunar
tribenzo[fg,ij,rst]pentaphene (1, TBP; Figure 1 with R = H) is
believed to be a potential candidate. Derivatives of this
compound substituted by a wide variety of pending groups
have been explored as materials for optoelectronic devices.6a,b

Furthermore, a TBP derivative substituted in all six positions by
alkyl chains has also been reported but was not further
investigated.7 To minimize steric hindrance that reduces π−π
stacking, we recently reported a versatile synthesis of TBP
derivatives bearing pairs of alkyl side chains at the specific
positions R1, R2, and R3 (Figure 1).

8

As a result of its planar chirality, different stacking geometries
are possible for 1 (TBP, R = H). Thus, we show in this

computational study all of the possible π−π-stacked dimer
conformations. To gain insight into the influence of structural
symmetry on π−π stacking, we also compare the most stable
dimers of 1 with those of three other PAH structures (Figure
2): a stretched version of TBP, namely, dibenzo[fg,mn]-
phenanthro[2,1,10,9,8,7-vwxyza1b1]heptaphene (DPH, 2); the
more symmetrical disk-shaped hexa-peri-hexabenzocoronene
(HBC, 3), which also has the same number of sp2 carbon atoms
as 2; and finally, a triangular structure, namely, benzo[o]-
bistriphenyleno[2,1,12,11-efghi:2′,1′,12′,11′-uvabc]ovalene
(BBO, 4), which has twice the number of sp2 carbon atoms as
compared to 1. It is noteworthy that little is known about the
shape dependence of the potential energy surface (PES) for

Figure 1. Structure of tribenzo[fg,ij,rst]pentaphene (TBP, 1),
indicating the three possible substitution sites.
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laterally displaced PAH dimers when their symmetry becomes
reduced. In addition, it is not clear how different conceivable
orientations of the PAHs in the dimer are arranged energeti-
cally. Therefore, a systematic computational study was
conducted on the PESs and stationary points of all of the
dimers of the listed compounds.
It is worthwhile to mention that only a few PAH dimers

beyond the size of naphthalene9a−c have been treated at a
comparable level of theory,10a−d where most of the theoretical
investigations carried out to predict the structure/property
relationships of various PAH structures have either studied
their self-assembly in the bulk11 or focused on their single
molecular structures, taking little or no notice of the way they
interact molecularly.5a,12

■ COMPUTATIONAL METHODS

Energies were calculated and geometries optimized with the
dispersion-corrected density functional theory (DFT-D)
developed by Grimme and co-workers13,14 using the B97-D
generalized gradient approximation (GGA) functional13 and
the new DFT-D version refined in terms of higher accuracy,
broader range of applicability, and less empiricism.15a,b B97-D is
a reparameterization of the B97 functional16 in the presence of
the (so-called D2) dispersion correction. The zeroth-, first-, and
second-order expansion coefficients of the power series in the
remapped reduced gradient variable representing the gradient
correction factors to the local energy densities of a uniform
electron gas for the exchange and opposite- and same-spin
contributions to the exchange-correlation functional (a total of
nine parameters) were refitted as described in ref 13. In the
current work, the electronic part of B97-D was used in its
original, unmodified form together with the more recent D3
version of ref 15a and a damping scheme according to Becke
and Johnson (BJ)15b to merge the description of the long-range
correlation effects by the dispersion correction with the density
functional’s representation of short- and medium-range
correlation effects. In addition to the scaling factor of the
eighth-order dispersion contribution (s8), a scaling factor and
shift of the atom-pair-specific cutoff radii were introduced to
adjust the dispersion correction to the density functional. The
three parameters in the BJ damping were determined by a least-
squares fit to a total of 130 reference energies in noncovalent
interaction energy benchmark sets.15b

For the S22 set of intermolecular interaction energies,17 B97-
D3(BJ) has a mean absolute deviation (MAD) of 0.38 kcal
mol−1 obtained with the def2-QZVP basis set.18 Because the
S22 set is part of the fit set, the performance of B97-D for the
S66 and S66 × 8 sets19 was tested, leading to MADs of 0.29 and
0.27 kcal mol−1 (def2-QZVP basis set), respectively.20 Note-

worthy are the balanced descriptions of both equilibrium and
nonequilibrium structures as represented by the S66 and S66 ×
8 sets and between the different interaction types in the three
subsets of S66 with B97-D reported in ref 20. In another
benchmark on noncovalent interactions in smaller complexes,
B97-D was the best-performing GGA density functional.21

Furthermore, B97-D was found to be the “best DFT” method
in a recent benchmark on protein−ligand model complexes.22

This robustness of the B97-D functional has led to a series of
successful practical applications.23 Therefore, we are convinced
that B97-D is the right tool for our study.
Large Gaussian atomic-orbital (AO) basis sets of polarized

triple- (TZVP) and quadruple- (QZVP) ζ quality24 were
employed. Density fitting techniques, also called the resolution-
of-the-identity (RI) approximation, were used throughout to
accelerate DFT-GGA computations25a,b roughly by a factor of
10−20 at insignificant extra inaccuracy. All results were
obtained with a slightly modified version of the Turbomole
program package.26 The Gaussian AO basis sets were taken
from the Turbomole library.27 The magnitude of the basis set
superposition error (BSSE) was estimated with the counter-
poise (CP) correction procedure.28 The self-consistent-field
(SCF) convergence criterion for the increment of the total
energy was <10−7Eh, and that for the increment of the one-
electron energy was <10−4Eh. The geometry convergence
criterion for the total SCF energy was 10−7Eh, and that for the
maximum norm of the SCF energy gradient was 10−3Eh/a0. For
the quadrature of exchange correlation terms, the multiple grid
m4 was specified. All other computational parameters were
chosen as their default values.

■ PROCEDURE

The monomers of the investigated polycondensed aromatic
hydrocarbon compounds TBP (1), DPH (2), HBC (3), and
BBO (4) were optimized first. The resulting total energies were
taken as reference for the dimer energies, and the potential
energy surfaces of the dimers were explored with rigid
monomers. For the fully stacked dimers, the interplane distance
was varied from 3.23 to 3.97 Å in steps of 0.053 Å. At the fixed
separation of 3.35 Å (the experimental interlayer spacing of
graphene), the two monomers were displaced in-plane in two
directions: from 0.0 to 2.38 Å in steps of 0.265 Å along the
molecular axes starting from the fully stacked structure of the
dimers of compounds 1−4 and from 0.0 to 2.38 Å along the
long molecular axis and from −2.38 to 2.38 Å along the short
molecular axis in steps of 0.265 Å in the 180°-rotated
antiparallel structure of the dimers of compounds 1, 2, and 4.
The structures corresponding to the local minima of the
potential energy surfaces were fully energy minimized.

Figure 2. Structures of DPH (2), HBC (3), and BBO (4).
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■ RESULTS AND DISCUSSION

Tribenzopentaphene (TBP, 1) and Dibenzophenan-
throheptaphene (DPH, 2). Whereas 1 is slightly distorted, 2
is practically planar, and the mean distance of the carbon atoms
from the root-mean-square (rms) plane amounts to 0.089 and
0.008 Å for B97-D3(BJ)/TZVP-optimized monomers of TBP
and DPH, respectively (see Table 1). The fully stacked dimers
have a potential energy minimum at an interplane distance of
3.6 Å, with interaction energies of −25.4 and −38.1 kcal mol−1

for rigid TBP and DPH, respectively.
The potential energy surfaces for the stacked dimer of rigid 1

starting from the fully stacked and 180°-rotated structures are
shown in Figure 3. The intermolecular interaction energy varies

from −33.2 to −20.4 kcal mol−1 for the parallel dimers and
from −34.3 to −22.4 kcal mol−1 for the antiparallel dimers. For
the parallel-displaced structure (Figure 3, left), the potential
energy minimum corresponds to a displacement of about 1.5 Å
irrespective of the direction, that is, along a molecular axis or
between them. For smaller displacements, the energy increases
steeply, with the energy maximum at the fully stacked structure
about 13 kcal mol−1 above the minimum. For larger in-plane
displacements, the energy increases more smoothly to local
maximum values about 5 kcal mol−1 above the minimum and to
saddle-point values about 2 kcal mol−1 above the minimum
between the local maxima.
The potential energy minimum for the antiparallel-displaced

structure (Figure 3, right) corresponds to smaller displacements

Table 1. B97-D3(BJ)/TZV(d,p) Energiesa (De, kcal mol−1) of Dimers of 1−4 Polyaromatic Compounds

parameterb A B C D E F G H I

Tribenzo[fg,ij,rst]pentaphene (1, C30H16) Δz = 0.089 Å
De 35.3 35.2 35.1 33.7 33.6 33.1 33.1 25.7d

De/30 1.2 1.2 1.2 1.1 1.1 1.1 1.1 0.9d

De − CP 32.6 32.6 32.6 31.0 31.1 30.7 30.6 23.8d

Re 3.27 3.30 3.32 3.32/3.34 3.35 3.41 3.35/3.35 3.62d

Δz 0.059 0.052 0.044 0.051/0.045 0.073 0.118 0.046/0.021 0.015d

R1 1.42 0.50 0 0.84/0.89 1.60 1.01 0.01/0 0
R2 0.73 −0.80 −0.78 1.40/1.36 0.03 0.12 1.51/1.52 0.01
α 180 180 180 2 1 18 0 0

De(QZVP)
e 34.5 34.5 34.5 33.0 33.0 32.4 32.6 25.4

De − CPe 33.9 34.0 33.9 32.4 32.4 31.9 32.0 24.9
De(TPSS)

f 30.0 30.0 29.7 28.6 28.6 27.6 27.9 21.6
De − CPf 29.1 29.1 28.8 27.7 27.7 26.8 27.0 20.8

Dibenzo[fg,mn]phenanthro[2,1,10,9,8,7-vwxyza1b1]heptaphene (2, C42H20) Δz = 0.008 Å
De 51.5 51.5 51.4 50.0 49.9 49.1 49.0 48.7 38.7d

De/42 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 0.9d

De - CP 47.6 47.5 47.5 46.1 45.9 45.5 45.5 45.0 35.8d

Re 3.27 3.30 3.31 3.32/3.32 3.35 3.39 3.34/3.34 3.31 3.60d

Δz 0.052 0.050 0.047 0.050/0.030 0.027 0.131 0.063/0.042 0.045 0.018d

R1 1.41 0.57 0.56 0.79/0.78 1.57 1.16 0/0 2.69 0
R2 0.89 −0.58 0.57 1.38/1.37 0.02 0.06 1.48/1.49 0 0.01
α 180 180 180 0 1 10 0 0 0

Hexa-peri-hexabenzocoronene (3, C42H18) Δz = 0.092 Å
De 51.4 50.4 50.3 41.5g

De/42 1.2 1.2 1.2 1.0g

De - CP 47.6 46.7 46.8 38.4g

Re 3.34 3.39 3.35 3.58g

Δz 0.072 0.069 0.009 0.154g

R1
h 1.55 0.05 0 0.01

R2
I 0 0.03 1.43 0

α 0 21 0 0
Benzo[o]bistriphenyleno[2,1,12,11-efghi:2′,1′,12′,11′-uvabc]ovalene (4, C60H24) Δz = 0.007 Å

De 76.3 74.9 74.9j 74.2 60.1
De/60 1.3 1.2 1.2j 1.2 1.0
De - CP 70.4 69.8 69.5j 69.1 55.6

Re 3.32 3.31 3.34/3.35j 3.02 3.58
Δz 0.025 0.044 0.026/0.047j 0.217 0.026
R1
h 1.56 0.01 0/0 0.08 0.01

R2
I 0.01 −0.01 1.44/1.42 1.24 0

α 0 20 0 180 0
aEnergy referred to relaxed monomers. bInterplanar distance, Re; mean distance of carbon atoms from the rms plane, Δz; displacements along the
long (R1) and short (R2) molecular axes (Å),

c and angle between monomers, α (degrees). cTwo values given for nonequivalent monomers. dFully
stacked (sandwich) structure obtained by imposing C2v symmetry (optimization with C1 symmetry leads to structure 1/2-F). eB97-D3(BJ)/
QZV(3d2f1g,3p2d1f) single-point energy. fTPSS-D3(BJ)/QZV(3d2f1g,3p2d1f) single-point energy. gFully stacked (sandwich) structure obtained
by imposing D3d symmetry (optimization with C1 symmetry leads to structure 3-B).

hDisplacement along a C−C bond. IDisplacement perpendicular
to a C−C bond. jParallel-displaced structure obtained by imposing Cs symmetry (optimization with C1 symmetry leads to structure 4-A).
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of about 1 Å from the maximally overlapping structure.
Displacements are not equivalent for all opposite directions;
rather, those along the short molecular axis with larger overlap
of the monomers (positive R2 direction) are energetically
different from equally large displacements with smaller overlap
of the monomers (negative R2 direction). The structure with
maximum overlap of the monomers is not an energy maximum
in this case and is only 2 kcal mol−1 above the potential energy
minimum at R1 = 0.5 Å and R2 = 0.8 Å. The potential energy
maximum corresponds to displacements of about 2.4 and 0.8 Å
along the long and short molecular axes (in the R1 and R2
directions), respectively, with 12 kcal mol−1 higher energy than
the potential energy minimum. Altogether, large in-plane
displacements correspond to small energy variations on the

order of thermal energies, that is, the molecules are laterally
almost freely mobile in the dimer.
Figure 4 shows the structures of stationary points for dimers

of 1 (see Table 1 for dissociation energies and geometrical
data). The fully stacked structure (1-H), which has a
dissociation energy of 25.7 kcal mol−1, is obtained by imposing
C2v symmetry. Optimization without symmetry constraints
leads to structure 1-F with the monomers rotated by 18°; thus,
structure 1-H is not a local minimum. All freely (i.e., without
symmetry constraints) optimized structures have dissociation
energies in the range from 33.1 to 35.3 kcal mol−1. The three
structures with the lowest energies, 1-A, 1-B, and 1-C, are
antiparallel-displaced dimers (in structure 1-A, the displace-
ment along the short molecular axis of structure 1-B is

Figure 3. B97-D3(BJ)/TZV(d,p) interaction energy surface of the displaced parallel and antiparallel stacked dimers. The origin on the left
corresponds to the fully stacked structure; the origin on the right corresponds to the 180°-rotated structure. Displacement along the long molecular
axis refers to the abscissa (R1), and that along the short molecular axis refers to the ordinate (R2). Contours in kcal mol−1; axes in Å. The interplane
spacing (Re) is 3.35 Å.

Figure 4. B97-D3(BJ)/TZV(d,p)-optimized structures of tribenzo[fg,ij,rst]pentaphene dimers.
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reversed). The parallel-displaced structure with the lowest
energy (1-D) is 1.6 kcal mol−1 higher in energy than the lowest-
energy structure. Parallel-displaced structures with a displace-
ment only along the long (1-E) or short (1-G) molecular axis
are 0.1 or 0.6 kcal mol−1 higher in energy, respectively.
An antiparallel-displaced structure with a displacement only

along the long molecular axis could not be identified as a
minimum of the potential energy. Optimization starting from
an antiparallel dimer displaced along the long molecular axis
resulted in structure 1-B. Starting from an antiparallel dimer
displaced along the short molecular axis in the positive
direction gave structure 1-A. The dissociation energies per
carbon atom are 1.2 kcal mol−1 for the antiparallel-displaced
dimers, 1.1 kcal mol−1 for the parallel-displaced dimers, and 0.9
kcal mol−1 for the fully stacked dimer.
The interplanar distance (Re) of the fully optimized dimers

(Table 1) varies from 3.27 to 3.41 Å. A rough correlation
between Re and the dissociation energy (De) is observed. In

particular, the most strongly bound dimer 1-A also has the
shortest interplanar distance. The mean distance of the carbon
atoms in one monomer from the rms plane of the same
monomer (Δz) is a measure for the deformation the
monomers experience upon formation of the dimer. It varies
from 0.021 to 0.073 Å for parallel-displaced dimers of 1 and
from 0.044 to 0.059 Å for antiparallel-displaced dimers of 1, in
comparison to the Δz value of 0.089 Å for isolated
tribenzo[fg,ij,rst]pentaphene 1. The largest deformation occurs
for the rotated dimer 1-F, with Δz = 0.118 Å. To determine the
displacements along the molecular axes R1 and R2, the
difference vector between the centers of the carbon atoms in
the two monomers is projected into the rms plane of one of the
monomers (the length of the projection of the same difference
vector onto the normal of the rms plane is Re). For the long
molecular axis, the projection of the direction along a C−C
bond vector into the same rms plane is taken. Since all the
geometrical data depend on which of the monomers is chosen

Figure 5. B97-D3(BJ)/TZV(d,p) interaction energy surface of the stacked DPH dimers displaced parallel (left) and antiparallel (right). The origin
on the left corresponds to the fully stacked structure; the origin on the right corresponds to the 180°-rotated structure. Displacement along the long
molecular axis refers to the abscissa (R1), and that along the short molecular axis refers to the ordinate (R2). Contours in kcal mol−1; axes in Å. The
interplane spacing (Re) is 3.35 Å.

Figure 6. B97-D3(BJ)/TZV(d,p)-optimized structures of DPH dimers.
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to base the calculation upon, two values are given for the
structures that have nonequivalent monomers (1-D and 1-G).
The minimum-energy structure of the antiparallel dimer 1-A is
displaced along the long molecular axis by about 1.42 Å and
along the short molecular axis by about 0.73 Å, whereas the
isoenergetic structure 1-B (only 0.1 kcal mol−1 higher in
energy) has R1 and R2 values of 0.50 and −0.80 Å, respectively.
The minimum-energy structure of the parallel dimer 1-D is
displaced along R1 by 0.84/0.89 Å and along R2 by 1.40/1.36 Å.
Parallel dimers with a displacement only along the long (1-E)
or short (1-G) molecular axis are displaced by 1.60 and 1.51/
1.52 Å, respectively.
The counterpoise (CP) correction for the fully optimized

structures varies from 2.4 to 2.7 kcal mol−1; the CP correction
of the fully stacked structure 1-H is 1.9 kcal mol−1. These values
are 7.1−7.8% of the uncorrected dissociation energies (De).
Therefore, the sequence is unaffected by CP correction (Table
1). As a methodical check, we also applied the large QZVP
basis for single-point energy calculations (see Table 1). The
dissociation energy is reduced by less than 1 kcal mol−1 (0.3−
0.8 kcal mol−1). The overall energy ordering among
antiparallel-displaced, parallel-displaced, and fully stacked
structures is not affected; only the sequence between the
closely lying conformers F and G is reversed. The CP
correction varies between 0.5 and 0.6 kcal mol−1 or between
1.5% and 1.9% of De. The same holds when applying the meta-
GGA TPSS29 in place of B97-D, but in this case, the
dissociation energies are reduced by about 4−5 kcal mol−1

compared to the B97-D estimate (3.8−4.8 kcal mol−1), and the
CP correction is larger (0.8−0.9 kcal mol−1, or 2.9−3.6%).
The shape of the potential energy surface for the stacked

dimer of 2 (Figure 5) closely resembles that of dimer 1 but
shows, as expected, higher interaction energies that vary
between −49.4 and −32.0 kcal mol−1 for parallel dimers and
between −50.2 and −34.1 kcal mol−1 for antiparallel dimers.
For the parallel-displaced structure, the fully stacked dimer

again corresponds to an energy maximum 17 kcal mol−1 above
the minimum located at a relative displacement of 1.6 Å. The
local energy maxima at larger in-plane displacements are about
6 kcal mol−1 above the minimum, and the height of the saddle
points between the local maxima is 4 kcal mol−1. For the
antiparallel-displaced structure, two almost isoenergetic local
minima occur at displacements from the maximally overlapping
structure of 0.6 Å along R1 and −0.6 Å along R2, as well as 1.4 Å
along R1 and 0.9 Å along R2 (opposite direction from the other
minimum). The global maximum of the potential energy
surface corresponds to displacements of 2.1 Å along R1 and
−0.5 Å along R2 and is ∼16 kcal mol−1 higher in energy. The
maximally overlapping structure is 2 kcal mol−1 above the
minimum-energy structure.
The dissociation energies of the DPH (2) dimers are

increased by a factor of 1.5 with respect to their “shorter”
analogous TBP (1) dimers. Accordingly, the energy orderings
of the dimeric structures of 1 and 2 are almost alike, with the
antiparallel-displaced structures 2-A, 2-B, and 2-C having the
lowest energies of ∼51.5 kcal mol−1 (see Figure 6). In addition,
structure 2-D shows the lowest energy (50.0 kcal mol−1) for the
parallel-displaced structures, which is 1.5 kcal mol−1 higher than
the lowest-energy antiparallel structures. Parallel-displaced
structures with displacements only along the long (2-E/-H)
or short (2-G) molecular axis are 0.1/1.3 and 1.0 kcal mol−1

higher in energy, respectively, than the lowest-energy parallel-
displaced structure 2-D. Again, the fully stacked structure 2-I
could be obtained only by imposing C2v symmetry, whereas
unrestrained optimization starting from a fully stacked dimer
resulted in structure 2-F with the monomers rotated by 10°.
The dissociation energies per carbon atom are 1.2 kcal mol−1 in
all cases, except for the fully stacked dimer, for which it
amounts to 0.9 kcal mol−1. Likewise, size and variation of the
CP correction for the stationary structures of DPH are larger
than for TBP (3.5−4.0 kcal mol−1), and its application leaves
the sequence unchanged. The smallest value (2.8 kcal mol−1)

Figure 7. B97-D3(BJ)/TZV(d,p) interaction energy surface of HBC stacked dimers displaced parallel (top left). The origin corresponds to the fully
stacked structure. Displacements along a C−C bond refer to the abcissa (R1); displacements perpendicular to a C−C bond refer to the ordinate (R2).
Contours in kcal mol−1; axes in Å. The interplane spacing (Re) is 3.35 Å. B97-D3(BJ)/TZV(d,p)-optimized structures of HBC dimers.
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again occurs for the fully stacked structure 2-I as a consequence
of the larger intermolecular distance. The percentage of De

varies from 7.2% to 8.0% as for TBP.
The interplane spacings of the DPH dimers are up to 0.02 Å

smaller than those of their corresponding dimers 1. The mean
distances of the carbon atoms from the rms plane increased to
the ranges of 0.027−0.063 Å for parallel-displaced dimers of 2
and 0.047−0.057 Å for antiparallel-displaced dimers of 2, when
compared to the 0.008 Å value for the isolated structure 2. The
largest deformation of the monomers, 0.131 Å, occurs for the
rotated dimer 2-F. Despite the difference in their absolute
values, the R1/R2 displacements of the parallel dimers 2-D, 2-
E/-H, and 2-G and the antiparallel dimers 2-A and 2-B
resemble those of their counterpart dimers 1. This difference is
most pronounced for the dimer structures 1-C and 2-C because
of the flatness of the potential energy surfaces in terms of in-
plane displacements and rotation.

HBC (3) and BBO (4). The mean distance of the carbon
atoms from the rms plane for the distorted molecule 3 and the
planar molecule 4 is 0.092 and 0.007 Å, respectively. The
reason for the larger distortion in 3 is the phenanthrene-like
interaction that occurs between the adjacent peripheral benzene
rings. The potential energy minima of the fully stacked dimers
3 and 4 occur at 3.6 Å, that is, at about the same interplane
distance as for the 1 and 2 dimers, with respective interaction
energies of −41.1 and −59.2 kcal mol−1.
Figure 7 shows the potential energy surface of stacked dimers

of 3, at an interplane spacing of 3.35 Å, and three of its
stationary dimers. The interaction energy varies from −35.7 to
−50.3 kcal mol−1. The global minimum occurs for displace-
ments of 1.32 Å along (R1) and 0.53 Å perpendicular to (R2)
the C−C bonds. Another local minimum occurs for an R1 value
of 0.26 Å and an R2 value of 1.32 Å. The global maximum
occurs for the fully stacked structure with an energy of 14.6 kcal

Figure 8. B97-D3(BJ)/TZV(d,p) interaction energy surface of the stacked BBO dimers displaced parallel (left) and antiparallel (right). The origin at
the left corresponds to the fully stacked structure, and the origin at the right corresponds to the 180°-rotated structure. Displacements along a C−C
bond refer to the abcissa (R1); displacements perpendicular to a C−C bond refer to the ordinate (R2). Contours in kcal mol−1; axes in Å. The
interplane spacing (Re) is 3.35 Å.

Figure 9. B97-D3(BJ)/TZV(d,p)-optimized structures of BBO dimers.
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mol−1 over the minimum-energy structure. The parallel-shifted
dimer 3-A has the lowest energy with a displacement along two
opposite edges. On the other hand, parallel-shifted dimer 3-C
with a displacement perpendicular to two opposite edges of the
hexagon, has a 1.1 kcal mol−1 lower dissociation energy.
Optimization of the fully stacked dimer without symmetry
restriction leads to 3-B, with 21°-rotated monomers, which has
almost the same energy as dimer 3-C. The fully stacked
structure 3-D could be obtained only by imposing D3d
symmetry and has a 9.9 kcal mol−1 higher energy than the
minimum-energy structure. Except for the fully stacked dimer
(1.0 kcal mol−1), the dissociation energies per carbon atom
amount to 1.2 kcal mol−1. The CP correction is 3.8 kcal mol−1

for structure 3-A, 3.6 kcal mol−1 for 3-B, 3.5 kcal mol−1 for 3-C,
and 3.2 kcal mol−1 for 3-D, corresponding to 7.4%, 7.2%, 7.0%,
and 7.6% of De, respectively.
The two parallel dimers 3-A and 3-C have the smallest

interplane distances of 3.34 and 3.35 Å, respectively, whereas
dimers 3-B and 3-D show separations of 3.39 and 3.58 Å,
respectively. Dimer 3-D has a larger distortion of the
monomers than the isolated structure 3, whereas for 3-A, 3-
B, and 3-C, the mean distance of the carbon atoms from the
rms plane is reduced. In dimers 3-A and 3-C, the monomers are
displaced by 1.55 Å along a C−C bond and by 1.43 Å
perpendicular to a C−C bond, respectively.
The potential energy surface of the parallel-displaced stacked

dimer 4-A ranges from −51.7 to −75.5 kcal mol−1 (Figure 8,
left). The minimum-energy structure is observed for a
displacement of 1.32 Å parallel (R1) and 0.79 Å perpendicular
(R2) to a C−C bond. A second local minimum is obtained for a
displacement of 1.59 Å along only R2. The fully stacked dimer
shows the global maximum of the potential energy, with a 23.8
kcal mol−1 less negative interaction energy. Other local maxima
at symmetrically equivalent points on the R1−R2 plane are
smaller because of the effect of the finite size of the BBO
monomers. The potential energy surface of the antiparallel-
displaced stacked dimers 4-D (Figure 8, right) is highly
irregular because of the predominance of the interaction effect
between the edges of the monomers.
The structures obtained for the BBO (4) dimers are shown

in Figure 9. The 180°-rotated structure 4-D is 2.1 kcal mol−1

higher in energy than the parallel-shifted 4-A. The other
parallel-shifted dimer 4-C could only be optimized by imposing
Cs symmetry and is 1.4 kcal mol−1 higher in energy than
structure 4-A. Finally, the fully stacked structure 4-E has a De of
60.1 kcal mol−1 and is thus 16.2 kcal mol−1 above the structure
with the maximum dissociation energy, 4-A. The dissociation
energy per carbon atom is equal to 1.3 kcal mol−1 for 4-A, 1.0
kcal mol−1 for 4-E, and 1.2 kcal mol−1 for the remaining dimers
(4-B, 4-C, and 4-D). The CP correction is between 4.5 and 5.9
kcal mol−1, or between 6.8% and 7.8% of De, and leaves the
sequence of structures unchanged.
The deformation of the monomers is larger than the value

for isolated 4 for all dimers of 4: 0.025 Å for the parallel-
displaced structure 4-A, 0.026/0.047 Å for the parallel-displaced
structure 4-C, and 0.217 Å for the 180°-rotated structure 4-D.
The interplane spacing is 3.32 Å for structure 4-A, 3.34/3.35 Å
for structure 4-C, and 3.02 Å for structure 4-D, which, because
of the strong deformation of the monomers, is smaller than the
intermolecular distance. R1 now stands for displacement along
and R2 for displacement perpendicular to a C−C bond. In the
parallel-displaced dimers 4-A and 4-C, the monomers are
displaced by 1.56 Å along and by 1.44/1.42 Å perpendicular to

a C−C bond, respectively. On the other hand, the 180°-rotated
structure 4-D is shifted by 1.24 Å perpendicular to a C−C
bond.
The energy diagram in Figure 10 summarizes the results for

the stationary structures found by showing the B97-D3(BJ)/

TZV(d,p) dissociation energies relative to that of the most
stable structure. Although the individual dissociation energies
for the dimers of 2 are 1.5 times as large as those of 1, the
energy separation from the antiparallel- to the parallel-displaced
dimers is slightly reduced as edge effects become less important
compared to the underlying 6-fold symmetry of the potential
for larger monomers. All in all, several stationary structures are
accessible within a few kilocalories per mole from the most
stable structure found, being separated by flat barriers.

■ CONCLUSIONS
By applying state-of-the-art quantum chemical methods, we
characterized the potential energy surfaces and minimum-
energy structures for the dimers of four polyaromatic

Figure 10. Relative B97-D3(BJ)/TZV(d,p) dissociation energies (kcal
mol−1) for B97-D3(BJ)/TZV(d,p)-energy-minimized dimers of
tribenzopentaphene (C30H16), dibenzophenanthroheptaphene
(C42H20), hexabenzocoronene (C42H18), and benzobistriphenylenoo-
valene (C60H24).
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hydrocarbons: tribenzopentaphene (C30H16), dibenzophenan-
throheptaphene (C42H20), hexabenzocoronene (C42H18), and
benzobistriphenylenoovalene (C60H24). The results of our
dispersion-corrected density functional theory calculations
clearly show a proportional relationship between the number
of sp2 carbon atoms of the polycondensed aromatic hydro-
carbons and the dissociation energy values of their respective
stacked dimers. The latter also show a preference toward a
displaced configuration over a fully stacked one, which can be
explained by the repulsive nature that arises from the closed-
shell electron configurations of carbons. Thus, the potential
energy surfaces of the dimers with a higher symmetry, that is,
the hexagonal (3) and the triangular (4) structures, reveal a
preferred displacement along the parallel C−C bond with a
restricted rotation. However, the dimers of the half-lunar
structure 1 and its stretched homologue 2 have relatively flat
potential energy surfaces but with an obvious tendency toward
the antiparallel- over parallel-displaced π−π stacking. Despite
their tapered trapezoidal structures, the dimers of compounds 1
and 2 show good interaction energies and still account for a
typical interplanar distance homologous to that of graphene.
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