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Theoretical analysis of the intermolecular
interactions in naphthalene diimide and pyrene
complexes†

Mei-Yu Yeh and Hsin-Chieh Lin*

Supramolecular assembly of donor–acceptor complexes as the key component in organic functional nano-

materials is a promising approach for future electronic devices. One representative example of the donor–

acceptor complexes is the naphthalene diimide–pyrene (NDI–Py) system, which shows fascinating

photoelectric properties. Herein, the analysis of the p–p interactions between NDI and Py has been investi-

gated using the DFT/M06-2X and reduced density gradient methods. According to the calculations, the

attractive forces for the stabilization of the NDI–Py dimer are dependent on the rotation angles, which provide

physical insight into the experimental data reported by Wilson and co-workers (Langmuir, 2011, 27, 6554).

Our results not only provide computational evidence for the origin of the rotation in the crystal structure

of the NDI–Py but also address the role of the charge-transfer attractions in the complexes.

1. Introduction

Supramolecular assembly of p-conjugated molecules is a promising
approach for modulating electro-optical properties of the building
block depending on the nature of assembly.1 The control of
molecular packing into well-defined nanostructures from electro-
nically and optically active molecules is considered as an important
approach to fabricate electronic nanodevices.2 Over the last two
decades, researchers have developed and accumulated enormous
knowledge to generate a diverse range of supramolecular nano-
structures and materials,3 both in organic and aqueous medium, by
virtue of utilizing various non-covalent forces, such as p-stacking
(electrostatic and dispersion interactions), charge-transfer (CT)
interactions, hydrogen bonding, and metal–ligand coordination.
Charge-transfer assemblies with alternate organization of donor
(D) and acceptor (A) aromatic molecules are of great importance
because of their inherent conducting properties.4,5 In addition,
the design of donor–acceptor (D–A) complexes have been used to
create many elegant supramolecular materials, such as supra-
molecular photosystems,6 rotaxanes and catenanes,7 synthetic
ion channels,8 liquid crystals,9 foldamers,10 polymers,11 nano-
particles,12 hydrogels,13 and organogels.14 More recently, mixed

D–A crystals have been shown to exhibit promising ambipolar
charge transport properties15,16 and room-temperature ferro-
electricity.17 These novel functions have encouraged researchers
to revisit the design of CT nanostructures, as they can be prepared
by molecular self-assembly in solution and would be of great
significance in organic nanosized electronics.18,19

Since CT complexes have received intensive attention in the
recent past owing to the excellent performance in organic nano-
devices, understanding when specific p-conjugated systems will
generate well-defined p-stacks is of fundamental importance to the
fields of supramolecular and materials chemistry.20,21 Naphthalene
diimide (NDI)-derivatives22 have been selected as building blocks for
the creation of various self-assembled CT systems because of their
electron-accepting nature, propensity for p-stacking, and n-type
semiconductivity.23 Ghosh et al. have studied the hydrazide deriva-
tive of the NDI as an acceptor formed vesicular aggregates which
could intercalate the Py donor through alternating D–A based
CT interactions. The presence of Py exhibited modulation of the
nanostructure from vesicles to 1-D nanofibers in the formation of
the CT assembly, reiterating the role of the D–A complex in
influencing the nanostructures of aggregates.24,25 George et al. have
shown that NDI–Py amphiphilic designs offer an efficient way
to construct extended nanostructured assemblies with tunable
morphology.26 Yang et al. have systematically studied NDI-based
D–A copolymers and understood the electron donating
capability of the donor portions for applications in organic
field-effect transistors (OFETs) based on NDI chromophores.27

More importantly, Wilson et al. have observed, from X-ray
diffraction experiments, a rotation angle of about 531 for the
NDI–Py packing in the crystal.28,29
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In this work, our focus here is to study the non-covalent
interactions of the NDI–Py dimer and to investigate the origin of
the rotation of the NDI–Py complexes in the crystal by the DFT/M06-
2X method. Although a number of theoretical methods can be used
to treat weak p–p interactions such as MP2 and CCSD(T), the more
feasible option would be the density functional theory (DFT) that
allows the treatment of large molecular systems with reasonable
computational cost. While conventional DFT functionals such as
B3LYP perform poorly for non-covalent interactions (e.g. p-stacking),
the M06 family of functionals30 has been proven to provide accurate
geometries and energies for a variety of dispersion-dominated
systems such as DNA base pair stacks and benzene aggregates.31

We firstly studied the potential energy curves of rotation in the NDI–
Py system and found that the absolute minimum is obtained for the
parallel sandwich (S) configuration with the rotation angles larger
than 501, which is consistent with the X-ray experimental data of the
NDI–Py cocrystal (531) reported by Wilson et al.28 In addition, we
also investigated the correlation between binding energy and
charge-transfer attractions in the dimer of the NDI–Py.

2. Computational methods

The geometries of the isolated monomers were first calculated at the
DFT/B3LYP level with a 6-31G(d) basis set.32,33 The optimized
monomers are subsequently used for constructing the homo-and
hetero-dimers. The binding energies of the dimers were calculated
using the M06-2X functional with 6-31G(d), 6-31G(d,p), 6-31++G(d,p)
and 6-311++G(d,p) basis sets, as implemented in the Gaussian
09 program.34

Binding energies of the dimers were calculated as:

E = Edimer � (Emonomer1 + Emonomer2) + BSSE

for homodimer, where Emonomer1 = Emonomer2 represents the
energy of NDI or Py and Edimer represents the energy of
the NDI–dimer or Py dimer; for the heterodimer, Emonomer1,
Emonomer2, and Edimer represent the energy of NDI, Py and the
NDI–Py dimer respectively. The basis set superposition error
(BSSE) approach was incorporated into the calculations via the
counterpoise (CP) method proposed by Boys and Bernardi.35 The
population analysis has also been performed by the natural bond
orbital method36 at the M06-2X/6-311++G(d,p) level of theory
using the natural bond orbital (NBO) program.37 The visualization
of weak interactions was conducted using Multiwfn 2.6 software38

in real space. The wave functions were generated using the
Gaussian09 program at the M06-2X/6-311++G(d,p) level. The
Multiwfn 2.6 deals with reduced density gradient (RDG) in real
space according to the following equation:

RDGðrÞ ¼ 1

2� 3� p2ð Þ
1
3

� rrðrÞj j

rðrÞ
4
3

where r(r) is the electron density and can be defined as:

rðrÞ ¼
X

i

Zi jiðrÞj j2 ¼
X

i

Zi
X

j

Cj;iwjðrÞ
�����

�����

2

where j is the orbital wave function generated by M06-2X/
6-311++G(d,p) mentioned above, Zi is the occupation number of
orbital i, w is basis function. C is the coefficient matrix, the
element of ith row jth column corresponds to the expansion
coefficient of orbital j with respect to basis function i. The graphic
displays of p–p interactions were then drawn using VMD 1.9. This
visualization method was successfully and widely used in many
other studies.39,40

3. Results and discussion

In general, a face-to-face packing of large polycyclic aromatic
systems can maximize the dispersion forces between molecules.41

Therefore, we have considered a cofacial parallel sandwich (S)
configuration and two slipped parallel dimers with the shift
along the long (SP-L) or the short (SP-S) axis of the monomer for
Py, NDI as well as NDI–Py dimers (Fig. 1). All calculations were

Fig. 1 Parallel dimers of pyrene (Py), naphthalene diimide (NDI) and
NDI–Py with configurations of (a) parallel sandwich (S), (b) slipped-parallel L
(SP-L), and (c) slipped-parallel S (SP-S).

Fig. 2 Binding energy (E) as a function of the distance for S (closed
triangles), SP-L (closed circles) and SP-S (open circles) configurations of
Py dimer (blue), NDI dimer (green) and NDI–Py dimer (red) calculated at
the CP-corrected M06-2X/6-311++G(d,p) level.
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performed using the density functional theory (DFT) with the
M06-2X functional and four basis sets of 6-31G(d), 6-31G(d,p),
6-31++G(d,p) and 6-311++G(d,p) were used for comparison. The
minimum intermolecular distances and binding energies are
given in Table S1 (see the ESI† for details). For the Py dimer,
only the 6-311++G(d,p) level of basis set can reproduce the
binding energies and interplanar distances (SP-L configuration
of Py dimer) when compared to highly extensive DFT-D-BLYP
calculations and experimental data.42–46 Based on the basis set
of 6-311++G(d,p), two slipped parallel configurations of SP-L
and SP-S are relatively stable than the S geometry by 5.75 and

4.99 kcal mol�1, respectively, probably due to the larger electron
exchange repulsion in the S configuration of the Py dimer.41

Furthermore, the SP-L configuration has a larger binding energy
than that of the SP-S by 0.76 kcal mol�1, which indicates that the
p–p interactions in the SP-L are stronger than those of the SP-S. It
is interesting to note that the displaced structure of the SP-L of
Py dimers, that resembles the crystal structure of graphite, has
been found to be the most stable isomer.42–44

For the NDI dimer, from the binding energies, the dimers of
SP-S and SP-L configurations are found to be strongly bound
with respect to that of S by 7.99 and 8.80 kcal mol�1, respec-
tively. In addition, the SP-L is slightly stable than the SP-S by
0.81 kcal mol�1. The optimized interplanar distances are nearly
identical for two slipped parallel configurations (3.38 Å for
SP-L, 3.37 Å for SP-S) whereas the S configuration showed a
larger intermolecular distance of 3.77 Å. These results revealed
that the electrostatic repulsion between the end-capped
diimide moieties in the S configuration is greater than those
of SP-L and SP-S. For the NDI–Py dimer, the optimized dis-
tances between Py and NDI in the three configurations are close
to each other (3.41 Å for S, 3.36 Å for SP-L and 3.30 Å for SP-S).
The binding energies for S, SP-L and SP-S configurations are
calculated to be �14.98, �15.43 and �15.95 kcal mol�1, respec-
tively. Comparison of the Py, NDI as well as NDI–Py dimers
shows that the binding energies are relatively larger in magni-
tude for the NDI–Py dimer (Fig. 2), and the difference of
binding energies and optimized interplanar distances between

Fig. 3 Binding energies of the NDI–Py dimers as a function of the rotation
of Py monomer along its z axis. The intermonomer separation is fixed at
3.41 Å for S (red), 3.36 Å for SP-L (blue) and 3.30 Å for SP-S (black). Results
are calculated at the CP-corrected M06-2X/6-311++G(d,p) level.

Fig. 4 Visualization of the weak interactions for NDI–Py dimers in the S configuration (top view) in real space. The gradient isosurface method was used
and the scale runs from �0.008 (min) to 0.008 (max).
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Fig. 5 Visualization of the weak interactions for NDI–Py dimers in the SP-L configuration (top view) in real space. The gradient isosurface method was
used and the scale runs from �0.008 (min) to 0.008 (max).

Fig. 6 Visualization of the weak interactions for NDI-Py dimers in the SP-S configuration (top view) in real space. The gradient isosurface method was
used and the scale runs from �0.008 (min) to 0.008 (max).
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S, SP-L and SP-S configurations of NDI–Py dimers are less than
1 kcal mol�1 and 0.1 Å, owing to the electron-rich and electron-
deficient nature of the Py and NDI, respectively, which also
enhances the stabilization energy of the NDI–Py relative to the
NDI and Py dimers.

The X-ray experimental description of the NDI–Py dimer
was reported by Wilson et al.28 The interplanar distance of the
heterodimer is B3.4 Å with the rotation of NDI or Py by B531.
Despite the interactions between LUMONDI and HOMOPy that
can partially explain this phenomenon,28 the origin of the
intermolecular interactions leading to the rotated packing of
NDI–Py complexes is still unclear. In order to address this issue,
three rotational potential energy curves of S, SP-L and SP-S are
depicted in Fig. 3, which quantify the extent to which the inter-
molecular interaction of the NDI–Py dimer is angular dependent.

The NDI monomer is held fixed while the Py monomer rotates
along its z axis at a fixed separation of 3.41 Å, 3.36 Å and 3.30 Å
for S, SP-L and SP-S configurations, respectively. The rotation
angles and the corresponding binding energies were calculated at
the CP-corrected M06-2X/6-311++G(d,p) level (Fig. 3 and Table S2,
ESI†). We found that the face-to-face packing of S configuration is
not the minimum energy among these three configurations; a
spin angle of approximately 701 is 2.01 kcal mol�1 lower in energy
compared to that of 01. Notably, the potential energy curves are
very flat for rotation angles larger than 501. The cofacial (01)
structure of the SP-L is the lowest energy point on the curve,
and the SP-S shows that the 201 point is the minimum energy
configuration. In comparison to these values, the absolute
minimum for S configuration is obtained with a rotation angle
B701. In consideration of the thermal energy at room temperature,

Fig. 7 The potential energy curves of total charges of NDI (closed red
circles) as a function of rotation angle of Py monomer along its z axis for
NDI–Py dimers in the (a) S, (b) SP-L and (c) SP-S configurations. The
binding energies as a function of rotation angles of Py monomer (closed
black circles) are presented for comparison.

Fig. 8 The potential energy curves of dipole moments (closed blue
circles) as a function of rotation angles of Py monomer along its z axis
for NDI–Py dimers in the (a) S, (b) SP-L and (c) SP-S configurations. The
binding energies as a function of rotation angles of Py monomer (closed
black circles) are presented for comparison.
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the reasonable rotation angles for the complexes will be larger
than 501 (pink color in Fig. 3). As mentioned above, the
experimental determination of the geometric structure of the
NDI–Py molecule leads to the conclusions: Wilson et al. have
observed, from X-ray diffraction experiments, a rotation angle
of about 531 for the NDI–Py packing in the crystal. The experi-
mental result can be reconciled by realizing the potential energy
plot in Fig. 3 in which the potential energy curve is shallow for
rotation angles larger than 501. To gather more insight into the
packing of the NDI–Py complex, we used the gradient isosurface
method of DFT to characterize the non-covalent interactions for
rotated NDI–Py dimers. The gradient isosurface method is based
on electron density, which is useful to study the signature of
non-covalent interactions in real space.39 The visualization of
the p–p interactions in the NDI–Py dimers in real space was
done using gradient isosurfaces with a scale running from
�0.008 (min) to 0.008 (max). In Fig. 4, the results revealed that
the NDI–Py dimers in the S configuration with the rotation
angles larger than 501 have a continuous wave function overlap
with electronic attraction effect, van der Waals effect and some
weak repellent effect. However, the 01 configuration has a
discontinuous wave function overlap and almost dominant by
the repellent effect. In contrast, the NDI–Py dimers in the SP-L
and SP-S configurations with the rotation angles larger than
10–201 have discontinuous wave function overlap and the 01
configurations have continuous wave function overlap (Fig. 5
and 6). These results are consistent with the energy trends, as the
potential energy curves shown in Fig. 3.

As D–A assemblies possess attractive optical and electronic
properties, including efficient charge separation and transport,
understanding of the nature of the intermolecular interactions
such as p-stacking and charge-transfer interactions in the NDI–
Py dimer system should be potentially useful. Therefore, the
natural bond orbital (NBO) analysis was used since it provides
an efficient method for studying intra- and/or intermolecular
interactions.47 We calculated the atomic charges of NDI–Py
heterodimers as well as NDI and Py monomers for comparison
(see Tables S3–S6 in the ESI† for details). Fig. 7 and 8 show the
evolution of rotation angles with the total charges on NDI and
dipole moments of NDI–Py dimers with the S, SP-L and SP-S
configurations. Importantly, for the S configuration, the trend of
the total charges and dipole moments are similar to the binding
energies when the rotation angle is larger than 301 whereas an
inconsistency was found for the rotation angles from 01 to 301.
According to the charge distribution and dipole moment analyses
of NDI–Py dimers, both the 01 and B701 configurations have
significant charge-transfer characters, thus implying that the
charge-transfer attractions are not the major contribution to
the potential energy curve of binding energies. Notably, for the
SP-L and SP-S configurations, the trend of the total charges,
dipole moments and the binding energies are similar when the
rotation angle is larger than 401. These results revealed the
NDI–Py dimers with rotation angles less than 301 for the S
configuration and 401 for the SP-L and SP-S configurations,
there is little theoretical evidence for the correlation of binding
energies and charger transfer characters.

4. Conclusions

In summary, we have presented a quantum-chemical description
for a series of homo- and heterodimers. A series of structural and
physical properties have been calculated including geometry,
binding energy, dipole moment, population charge distribution,
and visualization of the interactions in real space. We found that
the relative stable structures of NDI–Py dimers are obtained for
parallel sandwich (S) configuration with an intermolecular
separation of 3.41 Å and rotation angles larger than 501, which
is consistent with the X-ray experimental data reported by
Wilson et al.28 In addition, we found that the trend of the total
charges and dipole moments is similar to the binding energies
when the rotation angle is larger than 301 whereas an incon-
sistency was found for the spin angles o301. Based on the
calculations, we recommend using the term charge-transfer
interactions in the discussion of non-covalent binding for the
rotation of D–A complexes with care. In this work, we provide
a representative example of how a detailed analysis of a series
of packing structures has been useful in providing deeper
insight into the understanding of intermolecular interactions
in p-conjugated D–A materials.
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