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The experimental and theoretical study of acenes has seen
much interest in the past years, which can in part be attributed
to their possible applicability as organic semiconductors.[1]

The formation of covalently bound dimers (Scheme 1) is

known to be a problem in those applications, and it has been
investigated in some detail.[2–4] As the larger acenes have
become experimentally accessible,[5] studying their properties
seems worthwhile. From a theoretical point of view, the
butterfly structure of the dimers with four intramolecularly p-
stacked acene sub-systems makes them very interesting and
challenging molecules.

It was recently reported that a tert-butyl substituted
hexaphenylethane derivative displays a rare case of bond
length isomerism, which is mainly caused by attractive
London dispersion interactions between the bulky substitu-
ents.[6] Herein, we investigate possible extensions of this
concept of dispersion-driven isomerism. It is shown that
covalently bonded dimers of larger acenes can display an
unusual conformational isomerism that is driven by strong
intramolecular dispersion interactions between the p-stacked
acene subunits. The two postulated structures are the
common open form and a bent conformer with a p-stacked
alignment of bent acene subunits (Figure 1). The stacked
form was already found by Zade et al. in their theoretical
investigation of the dimerization reaction of heptacene, and
was described as an intermediate.[2] The acene dimers

considered here are certainly not the ideal molecules for
making functional systems (such as switches, parts of molec-
ular motors) but should merely serve as model compounds for
the basic process of dispersion-driven isomerism. It can be
expected that similar double-minimum-shaped potential
energy curves (PECs) to those reported here are inherent in
other (supramolecular) p-systems.

With increasing number of annulated rings, the mostly
additive dispersion interaction of the acene subunits should at
some point overcome the ring bending and Pauli repulsion
energy, and the stacked conformer should become more
stable. This is related to the folding of long n-alkane chains,
where the folded structure is energetically favored after
a distinct turning point, as recently shown by L�ttschwager
et al.[7]

Herein, we present PECs for the symmetric opening of the
stacked to the open conformer for the heptacene and
nonacene dimers. Opposed to the dimerization reaction
itself, this conformational process does not involve any orbital
crossing and can thus be investigated using single-reference
quantum chemical methods. For the heptacene dimer, accu-
rate wavefunction-based calculations were carried out,
employing the efficient LPNO-CEPA implementation by
Neese and co-workers.[8] The coupled electron pair approach
(CEPA, version “1”)[9] was already shown to yield accurate
results for general thermochemistry and non-covalent inter-
actions.[10] Combined with the localized pair natural orbitals
(LPNO) approximation, significant computational speedups
can be achieved without much loss of accuracy.[8] Application
of somewhat simplified computational methods is mandatory
as the heptacene dimer comprises 96 atoms, which is rather
challenging size for a correlated wavefunction treatment.
Concerning the here relevant non-covalent interactions, the
LPNO-CEPA reference method was already applied to
protein–ligand interaction energies with good success.[11] For
comparison, two conceptually different flavors of dispersion
corrected density functional theory (DFT) are employed, the
well-established atom-pairwise DFT-D3[12] and a non-local

Scheme 1. Prototypical dimerization reaction of larger acenes with an
odd number of benzene rings.

Figure 1. Stacked (left) and open (right) forms that were used for the
construction of the potential energy curve of the heptacene dimer and
analogously for the nonacene dimer. The atoms marked in black were
kept fixed while relaxing all remaining degrees of freedom. The arrow
indicates the distance variable (reaction coordinate) used throughout.
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(NL), electron-density-based approach (DFT-NL)[13] using
the adapted functional of Vydrov and van Voorhis[14] (based
on earlier work by Langreth and Lundquist).[15] The M06-2X
functional was also applied in order to compare the results of
the two aforementioned a posteriori corrections to a func-
tional that includes medium-range correlation (dispersion)
contributions by a flexible functional form and extensive
parametrization.[16] We also present (SCS-)MP2 calcula-
tions[17] that were extrapolated to the complete basis set
(CBS) limit using the very extended aug-cc-pVXZ (X = T,Q)
basis sets (see the Supporting Information for details).[18] As
the nonacene dimer is too large for accurate (large basis set)
correlated calculations, the insight gained from the heptacene
dimer calculations is used to select the (dispersion-corrected)
density functional for its investigation.

Geometries along the PECs of the dimers were calculated
in the following way: First, stacked and open structures were
freely optimized using SCS-MP2/def2-TZVP.[17, 19] This
method was chosen because it is known to yield reasonable
structures for p-stacked systems and conveniently provides
two distinct minima for the heptacene dimer. By linear
interpolation between these extremes, additional structures
were created for various interplane distances R. The resulting
structures were then relaxed with SCS-MP2/def2-TZVP in
D2h symmetry while keeping two carbon atoms of each
outmost benzene ring fixed (see Figure 1) to remove any
internal strain.

The PECs of the heptacene dimer are shown in Figure 2.
First, it is noted that LPNO-CEPA/CBS, which serves as
a reference here, does not predict a minimum for the stacked
conformation. This also intuitively reasonable result indicates
that the p-stacking interaction between the anthracene
subunits is not strong enough to overcome the energy penalty
caused by ring bending and Pauli repulsion.

Notably, MP2 very strongly overbinds the unusual stacked
conformation and finds it as the global minimum. Further-
more, there is only a very shallow minimum for the open
conformer. This is clearly qualitatively wrong behavior.

Intramolecular basis set superposition error can be excluded
as a reason for the failure at our high basis set extrapolation
level, which leaves the bare MP2 error that was already
observed for other stacked aromatic systems.[20, 21] This
dramatic failure (while not being surprising to experts in the
field of non-covalent interactions) should be another warn-
ing[22] to users of MP2 based methods, in particular when large
unsaturated fragments are involved. The use of spin-compo-
nent scaling improves the results, but cannot completely
overcome the failings of MP2. While the open form is
correctly found to be more stable and has a distinct minimum
with SCS-MP2, the stability of the stacked system is still
overestimated.

The two tested hybrid functionals, B3LYP[23] and
PW6B95,[24] perform significantly better than MP2 when
corrected for the missing London dispersion energy (also
called medium-range correlation energy for the intermediate
interatomic distances investigated here; see Ref. [25]). It is
encouraging that the two different flavors of dispersion
correction, the pair-wise additive DFT-D3[12] and the density-
dependent DFT-NL,[13] again yield similar results (for other
comparisons, see Refs. [22,26]). The overall agreement with
the reference is best for B3LYP-NL, closely followed by
B3LYP-D3, although these differences are probably within
the accuracy of the reference data. The PW6B95-based curves
are slightly worse, with the minimum of the open structure
shifted to shorter distances. However, no minimum is
obtained for the stacked structure, which is qualitatively
correct. The DFT-NL method seems to be more repulsive for
the stacked conformer, which results in a better agreement
with the reference. There is a qualitative difference between
B3LYP-NL and B3LYP-D3, as the latter predicts a shallow
minimum for the stacked conformer. However, this corre-
sponds to a difference of only about 1 kcalmol�1. When
evaluating this, one has to keep in mind that we are dealing
with about twice the p–p stacking interaction energy of the
anthracene dimer (which is about 10 kcalmol�1).[26, 27] This
means that the difference between the D3 and NL results is
only a small fraction of the total intramolecular interaction
energy of the anthracene subunits (about 5%, which is the
typical error for DFT-D3 non-covalent interaction energies).

Overall, the results for the heptacene dimer indicate that
there is a delicate balance between deformation energy and
Pauli repulsion on the one hand, and attractive dispersion
interactions on the other. This makes it a difficult case for
most computational methods. We would also like to stress that
uncorrected DFT and Hartree–Fock are excessively repulsive
on the stacked side of the PEC and do not display the
inflexion points visible in the reference curve. It should also
be noted that all DFT-D3 and DFT-NL values are corrected
for three-body dispersion interactions by an Axilrod–Teller–
Muto type term. This correction which was shown to be
necessary for larger, dense systems[22,26, 28] shifts (improves)
the stacked conformation by 0.6 kcalmol�1 to higher relative
energies.

As B3LYP-NL and B3LYP-D3 have been identified as the
best DFT methods for the heptacene dimer, they were
applied to the PEC of the nonacene dimer as well. It can be
seen in Figure 3 that the open conformer is still favored over

Figure 2. Potential-energy curves for the conformational isomerization
(stacked (left) to open (right) in each graph) of the heptacene dimer
with R indicating the distance between the anthracene subunits. DFT
calculations employ the def2-QZVP basis set (for other technical
details, see the Supporting Information). Energies were taken relative
to R = 7.2, which is close to the SCS-MP2/def2-TZVP minimum.
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the stacked conformation for B3LYP-NL. The B3LYP-D3
curve looks very similar, but slightly favors the stacked
conformation and the difference between the two methods is
again consistently about 1 kcal mol�1 for R< 4 �. More
importantly, however, both methods predict a distinct mini-
mum for the stacked structure, which is a good evidence for
the existence of dispersion-driven conformational isomerism.
The barrier for interconversion is about 3.5 kcal mol�1. Note
that uncorrected B3LYP yields a totally unrealistic relative
energy of 26.1 kcalmol�1 for the stacked conformer. The
corresponding dispersion contributions favoring the stacked
form are huge for B3LYP (�28.7 kcalmol�1) and relatively
large even for inherently less overrepulsive functionals, such
as PW6B95 (�14.8 kcal mol�1).

To make the connection to experimental conditions,
thermostatistical corrections to free enthalpy in the gas
phase (dDGRRHO) and in benzene (including additionally
dDGsolv) were calculated with TPSS-D3[29] and the COSMO-
RS solvation model.[30] However, with TPSS-D3 we obtain
two imaginary vibrational modes for the fully stacked, D2h-
symmetric structure. Distortion along these modes and re-
optimization led to a D2-symmetric structure where the
tetracene subunits are slightly parallel-displaced (pd; see
Figure 4). This is reasonable since already the benzene dimer
avoids the fully stacked, D6h symmetric structure, and this
symmetry breaking is common to all acenes.[21]

As a consequence, the open, stacked, and pd structures
were reoptimized at the B3LYP-D3/def2-TZVP level of
theory and were used in subsequent single-point calculations
of the free conformational enthalpy in solution. The fully
optimized pd structure is only about 2.4 kcalmol�1 more
stable than the symmetric stacked one at the B3LYP-D3/def2-
QZVP level of theory. This suggests that our D2h-symmetric
PECs discussed above are reliable and likely to be only
slightly biased in favor of the open form, which is a true D2h-
symmetric minimum.

As can be seen from the results in Table 1, all flavors of
dispersion corrected DFT predict the stacked pd structure to

be observable in the gas phase under ambient equilibrium
conditions (DGgas =�2.6 to 0.6 kcalmol�1). In benzene solu-
tion, however, it is strongly destabilized with respect to the
open form owing to favorable solvation contributions in the
open parts of the wings. This subtle interplay between
intramolecular dispersion and solvation effects has already
been discussed for the thermochemistry of the anthracene
dimer.[3]

In summary, the conformational transition from the p-
stacked to the open form in the heptacene and nonacene
dimers has been investigated by accurate quantum-chemical
methods. In the case of the heptacene dimer, the dispersion
interaction of the anthracene subunits is not able to overcome
the energy penalty imposed by ring deformation and Pauli
repulsion. Modern dispersion-corrected density functional
theory performs reasonably well for such a difficult case while
the MP2 method, which is known to overestimate p-stacking
interactions, fails spectacularly for this system. It is suggested
as a challenging test case for approximate quantum chemical
methods. For the nonacene dimer, a stable stacked confor-
mation and the existence of two distinct dispersion-driven
conformers in the gas phase is predicted. The calculated free
enthalpies in benzene solution, however, show that the open
conformer can profit more from interaction with the solvent,
and it is expected to be the dominant species in solution. At
this point, it can only be speculated about the situation in
a molecular crystal where the favorable solvation terms for
the open form are absent. To this end, a photochemically
aided solid-state synthesis of the stacked form seems to be

Figure 3. Potential-energy curves for the conformational isomerization
(stacked to open) of the nonacene dimer with R indicating the
distance between the tetracene subunits. The DFT calculations were
carried out with the def2-QZVP basis set (see the Supporting
Information for technical details and TPSS-D3 and SCS-MP2 results).

Figure 4. Two views of the parallel-displaced (pd) structure of the
stacked nonacene dimer. The arrow indicates the interring distance
between the two outmost rings.

Table 1: Free enthalpy of isomerization (DGtot, at 298 K) from the open to
the stacked, parallel-displaced structure of the nonacene dimer for
several DFT methods.

Contribution B3LYP-D3(-NL)[a] M06-2X(-D3)[a] TPSS-D3

DEgas
[b] �4.3 (�0.6) 0.3 (�1.1) �3.2

dDGRRHO
[c] 1.7

DGgas �2.6 (1.1) 2.0 (0.6) �1.5
dDGsolv

[c] 6.3
�= DGtot 3.7 (7.4) 8.3 (6.9) 4.8

[a] Values in parentheses with NL and D3 corrections for B3LYP and
M06-2X, respectively. [b] The gas-phase relative energies DEgas are
calculated with the def2-QZVP basis set. [c] The rigid-rotor–harmonic-
oscillator (RRHO) thermostatistical and solvation (solv, in benzene)
contributions to DGtot are added up from top to bottom.
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most promising, although we once again would like to
emphasize the conceptual character of our study regarding
this unusual form of isomerism. Furthermore, the stacked
forms structurally resemble common aromatic excimers, and
we expect strongly red-shifted electronic absorption or
fluorescence bands compared to the open forms, which
might allow spectroscopic identification.

The nonacene dimer seems to be one of the rare well-
documented examples for dispersion-driven conformational
isomerism showing a clear double-minimum potential. From
the theoretical point of view, the results underline once more
the importance of the correct treatment of the intramolecular
dispersion energy, not only for DFT but also for approximate
wavefunction-based methods. Furthermore, this study shows
that larger acenes are not completely rigid (which organic
textbooks seem to suggest) and they can form new and
unexpected chemical structures.
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