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ABSTRACT: The optical properties of coupled graphene nanoflakes are investigated theoretically
within the framework of Hartree−Fock based semiempirical methods, with the aim of unraveling
the role of π−π interactions. Two different types of π-stacking are considered, obtained either by
coupling two identical flakes with different relative displacement or by coupling flakes having
different width or edge functionalization, i.e., with different electronic gap or ionization potential.
Our results indicate that a systematic red shift and broadening of lowest excitations occur: an
overall widening of the optical absorption range can therefore be expected in an ensemble of flakes.
However, the coupling prevents a strong enhancement of the absorption intensity. In the case of a
heterogeneous ensemble of flakes, the possibility of introducing low-energy excitations with
considerable charge transfer character is also demonstrated by properly exploiting the chemical
edge functionalization.

■ INTRODUCTION

Strong noncovalent interactions between π-conjugated systems
are strategic in biochemistry, supramolecular chemistry, and
materials science. In fact, they typically show up spontaneously
and control such diverse phenomena as the vertical base−base
interactions which stabilize the double helical structure of
DNA,1 the tertiary structures of proteins,2,3 the aggregation of
polycyclic aromatic hydrocarbons (PAHs),4,5 and the aromatic
molecules in organic crystals6,7 and in discotic liquid crystals.8,9

Because of their intriguing photoluminescence phenomena,10,11

supramolecular π-stacked structures have particular techno-
logical relevance for optoelectronic applications.
More recently, the relevance of π-stacking emerged also in

graphene12−15 and its nanostructures,16−18 such as graphene
nanoribbons. The electronic and optical properties of isolated
ribbons have been shown to be highly sensitive to the details of
the atomic structure: the specific edge shape (armchair vs
zigzag) implies different electronic and magnetic proper-
ties,19−21 and even slight ribbon width variations induce
striking modifications in the electronic and optical proper-
ties.22−24 In addition, edge functionalization can also be
exploited to modulate their properties even further.25−29

While most previous studies were limited to isolated graphene
nanostructures, the effect of π−π interactions should be
considered in view of the fact that they spontaneously occur
(e.g., when graphene nanostructures are obtained in solution30

or by unrolling multiwall carbon nanotubes16,17) and with the
idea to intentionally exploit the layer stacking as an additional
parameter to tune their electronic31−36 and optical proper-
ties.36,37

We here focus on the effect of π−π coupling on the optical
properties of finite ribbons, i.e., elongated graphene nanoflakes

(GNFs). Our study comprises several bilayer graphene
nanoflakes (BGNFs), including both homogeneous stacking
(different geometries for the π-stacking between two identical
nanostructures) and heterogeneous stacking (π-stacking
between two different nanostructures, namely, with different
width or with different edge functionalization). For all
considered coupled systems, we find that the low-energy
optical excitations are red-shifted and broadened with respect
to their isolated counterparts. A proper choice of edge
functionalization is also demonstrated to give rise to charge-
transfer excitations. Our whole analysis confirms that the π−π
coupling impacts the optical properties of GNFs, and it can also
provide an efficient strategy to shape the optical properties of
such low-dimensional nanostructures.

■ COMPUTATIONAL DETAILS

We investigate a number of bilayer structures, composed of
elongated GNFs with armchair edges along the length; the flake
ends are shaped to minimize the zigzag region and thus to
avoid spin-related effects.38,39 The bilayer systems are built by
stacking two identical flakes (homogeneous stacking), as shown
in Figure 1, or two flakes differing from each other by either
width or edge functionalization (heterogeneous stacking); see
Figure 3. In the following, single and bilayer systems are labeled
according to both their width parameter N,40 which indicates
the number of dimers along the zigzag direction (y axis in
Figure 1), and their edge terminations. According to this
notation, we consider the homogeneously stacked 7H-7H
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BGNF, which is obtained by coupling two hydrogen terminated
GNFs with N = 7, hereafter labeled 7H; the heterogeneously
stacked 7H-8H and 7H-7F BGNFs, which are obtained by
coupling the 7H GNF with the hydrogenated N = 8 one (8H)
and with the edge-fluorinated N = 7 one (7F).41

The optical properties are computed within the framework of
the Hartree−Fock based semiempirical ZINDO method,42

which is well-tested and reliable for the study of C-conjugated
low-dimensional systems43−48 also in nonbonded π−π
intermolecular conformations.49 The AM1 model,50 usually
adopted for structural optimization of covalently bonded
molecular systems, is however not designed to capture the
effect of intermolecular (van der Waals) interactions. Hence,
we performed geometry optimizations by means of first-
principles density-functional theory (DFT) calculations by
using plane-waves basis set, ultrasoft pseudopotentials, the
Perdew−Burke−Ernzerhof exchange correlation functional,51

and van der Waals interactions through the semiempirical DFT-
D2 approach by Grimme,52 as implemented in the Quantum
ESPRESSO package.53 This approach has proven successful for
the description of several C-based materials54 and is employed
here for both single and bilayer systems.55 The plane-wave
kinetic-energy cutoff was set to 30 Ry for the wave functions
and 240 Ry for the charge density for hydrogen-terminated
GNFs and increased to 48 and 384 Ry, respectively, for systems

including F. Structures were relaxed using a threshold for the
forces on atoms of 10−4 Ry/au.
Starting from the DFT-D2 geometries, optical spectra are

evaluated by employing the semiempirical ZINDO/S approach
with single excitation configuration interaction (CIS).56 Our
convergence tests over the number of occupied and virtual
molecular orbitals (MOs) indicate that a CI energy window of
at least 4.5 eV below the HOMO and 3.5 eV above the LUMO
is required for a reliable characterization of the low-energy
optical excitations.
To further analyze the nature of the main optical excitations,

we compute the spatial distribution of their electron (e) and
hole (h) components, as described in ref 57. Starting from the
MOs in the standard LCAO expansion58

∑ϕ χ= ar r( ) ( )i
j

ji j
(1)

where χj(r) are Slater-type orbital basis functions and aji are the
projection coefficients, the probability density of h and e for the
Ith excited state can be expressed as

∑ρ ϕ= | · |
αβ

αβ αcr r( ) ( )I I
h

2

(2)

∑ρ ϕ= | · |
αβ

αβ βcr r( ) ( )I I
e

2

(3)

Here cαβ
I are CI coefficients weighting the contribution to the

Ith excitation of each transition α → β from occupied (ϕα) to
virtual (ϕβ) MOs. The spatial localization of the excitation can
then be quantified by integrating ρe/h

I (r) over a selected region
of the total system.57

■ RESULTS AND DISCUSSION
Homogeneous Stacking. We first consider a system

composed of two identical hydrogenated N = 7 (7H) GNFs. As
shown in Figure 1, two different arrangements of the 7H flakes
can be identified as compatible with the Bernal stacking typical
of graphite, which we label as 7H-7H(α) and 7H-7H(β),
following the notation of refs 36 and 59. In the α stacking
(Figure 1, upper left panel), one flake is shifted with respect to
the other by a single C−C bond length along the x direction; in
the β stacking the same displacement is applied along a
direction forming an angle of π/3 with the x axis (Figure 1,
upper right panel). The interlayer distance is almost identical
for the α and β arrangements (3.310 and 3.312 Å, as evaluated
at the flake center), and the α configuration is slightly more
stable than the β one (by 0.01 eV). The different packing
conformations result mostly in different alignments of the flake
edges (see Figure 1), which give rise to different combinations
for the molecular orbitals of the BGNFs.
The absorption spectra of the 7H-7H BGNFs for both α and

β stackings are shown in Figure 2a, as compared to the
spectrum of the single 7H GNF. The interlayer coupling clearly
produces a red shift of the first absorption peak of about 0.30
eV for the α stacking and 0.15 eV for the β stacking. Analyzing
the one-electron level structure (Figure 1), we see that in both
cases the HOMO and LUMO of the bilayer are related to a
level splitting that is connected, respectively, to the HOMO
and LUMO of the individual flakes. However, while the α
stacking preserves the yz reflection symmetry, this is not the
case for the β stacking. The different symmetry results in
different energy splittings for α and β, similar to the case of

Figure 1. Ball-and-stick models of the 7H GNF and the 7H-7H
BGNFs (upper panel), with their related frontier orbitals. The bilayer
structures are obtained by combining two N = 7 GNFs in Bernal
stacking with different displacements, i.e., α (left panel) and β (right
panel); see text. C atoms of the top (bottom) layer are in gray (blue);
H atoms are in white. The frontier orbitals are also shown for the
single GNF (central panel): for the α stacking the derivation of the
BGNF orbitals from the ones belonging to the individual GNF is
evident and highlighted with arrows.
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infinite bilayer nanoribbons of the 3p + 1 family.36 The first
optically active excitation (P1) for both α and β configurations
is mainly composed of the HOMO → LUMO transition (H →
L; see Table 1) and is thus directly derived from that of the

single 7H flake. As the HOMO and LUMO orbitals of the
BGNFs are homogeneously distributed over the single flakes
(see Supporting Information and Figure 1, left panel), the e and
h probability densities for this excitation are equally distributed
over the two flakes (see Figure 2 for the α stacking).
For both configurations, dark excitations are detected below

the first optically active peak, as indicated by triangles in Figure
2a. Again, as for the isolated 7H GNF, they are mainly
composed of H − 1 → L and H→ L + 1 transitions (see Table
1 for the α stacking and Table S1 in Supporting Information for
the β stacking). Indeed, the HOMO − 1 and LUMO + 1 states
of the BGNFs are directly related to the splitting of the HOMO
− 1 and LUMO + 1 levels of the single flake (see Figure 1).
However, while for the α stacking we see only one dark state in
this energy region (red triangles in Figure 2), in the case of β
stacking three dark states (blue empty triangles) are found, as a
consequence of the lower symmetry and different level
splittings.

We thus see that a very small difference in the stacking
configuration can produce a significant difference in the optical
properties. Going further in this investigation, we found that,
preserving the symmetry of the α stacking but imparting larger
shifts between the GNFs in the x direction, the interlayer
coupling weakens and finally vanishes because of insufficient π-
overlap area (see Figure S2). In other words, the π-stacking in a
realistic ensemble of identical flakes is expected to produce a
significant broadening of the low-energy absorption peak,
which can be about 0.4 eV for such subnanometer narrow flakes
(as evaluated from the energy spread of the lowest peaks in the
absorption spectra of differently coupled 7H flakes; see Figure
2).
On the other hand, even if one could expect a strong

enhancement of the absorption intensity as compared to the
single flakes, this is not the case because of the specific
character of the transition dipole moment μ⃗ in these GNFs:
while μ⃗ gains a small intensity in the direction normal to the
flakes in the bilayer structures, there is a “ring-by-ring”
cancellation in the parallel direction that compensates for the
presence of two flakes.

Heterogeneous Stacking. After the homogeneous stack-
ing of identical hydrogenated flakes, we now analyze the
coupling of two hydrogenated flakes of different width, namely,
N = 7 and N = 8, resulting in the 7H-8H BGNF displayed in
Figure 3a. In Figure 3b we show the AM1 electron affinities and

ionization potentials calculated for the isolated flakes. The
smaller gap associated with the 8H flake, as expected from the
3p + m modulated electronic properties of GNFs,57,60 suggests
that the low-energy optical activity of the bilayer structure will
be dominated by the excitations of the 8H flake, as we will
confirm in the following.
The frontier orbitals of the 7H-8H BGNF (see Figure S1,

central panel) are consistent with the level alignment displayed
in Figure 3b: we find that the HOMO and LUMO states are
mainly localized on the 8H flake, while HOMO − 1 and
LUMO + 1 are more localized on the 7H flake. The optical
spectrum of the 7H-8H BGNF, shown in Figure 4a, reflects this
spatial separation of the frontier orbitals: at first sight, it indeed
looks like a simple superposition of the spectra of the individual
7H and 8H GNFs. In fact, the first active excitation P1 derives
from the first excited state of the 8H flake, since it is mainly
composed of the H → L transition and therefore prevalently
localized on the 8H flake, as also shown by the corresponding
e/h densities in Figure 4b. Furthermore, the second most
prominent peak P3, mainly involving the H − 1 → L + 1
transition, is accordingly more localized on the 7H GNF, thus

Figure 2. Optical properties of the 7H-7H BGNFs. (a) Absorption
spectra for the α (solid red) and β (dashed blue) stacking
configurations, compared to the spectrum of the isolated N = 7
GNF (gray area). Triangles indicate optically inactive states. For the
spectra we use a Lorentzian broadening of 100 meV. (b) Probability
densities of the electrons (red) and holes (blue) for the first dark (D)
and the first optically active (P1) excitation of the 7H-7H (α) BGNF
(D and P1 are also indicated as I1 and I2, according to the notation in
Table 1).

Table 1. Low Energy Optical Excitations (I) of the 7H-7H
(α) BGNFa

I E OS cαβ
2 μ∥ μ⊥

1 2.28 0.00 (0.52) H − 1 → L 0.00 0.00
(0.25) H → L+1

2 2.37 1.22 (0.83) H → L 11.46 1.95
3 2.44 0.00 (0.14) H − 4 → L 0.40 0.01

(0.22) H − 1 → L + 2
(0.33) H → L + 3

4 2.54 0.00 (0.35) H − 2 → L 0.00 0.00
(0.52) H → L + 2

20 3.37 2.97 (0.51) H − 2 → L + 2 15.15 1.71
(0.23) H − 1 → L + 1

aEnergy (E, in eV), oscillator strength (OS), squared CI coefficients
(cαβ

2) of relevant transitions (cαβ
2 ≥ 0.1), and the projections of the

transition dipole moment (μ in D) in the GNF plane (xy plane, μ∥)
and perpendicular to it (z direction, μ⊥).

Figure 3. (a) Ball-and-stick model of the 7H-8H and 7H-7F BGNFs.
C atoms of the 7H GNF are in gray, and C atoms of the 8H and 7F
GNFs are in blue. H atoms are in white and F atoms in light blue. (b)
Scheme for the electron affinity (EA) and ionization potential (IP) of
the single GNFs considered here, calculated using the AM1 method
(see text).
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retaining the character of the first peak of the 7H GNF, as
shown by the e/h densities in Figure 4b. Nonetheless, some
subtle features can be directly related to the π−π coupling
between the two flakes, such as the lowering of the oscillator
strengths (dipole effect), the slight energy shifts of the main
peaks (interaction splitting), and the appearance of other low-
energy excitations, such as the new peak P2 at intermediate
energy in Figure 4 (corresponding to the I3 excitation in Table
2), for which the e/h density is in fact almost equally

distributed over the two flakes, as shown in Figure S3.
Combining the results of homogeneous and heterogeneous
stacking of hydrogenated flakes, we confirm the conclusion that
in a more disordered medium, the optical absorption range is
expected to be expanded by over 1 eV.
We next consider the case of a heterogeneous bilayer

structure obtained by means of different edge functionalization
of the components, namely, the 7H-7F BGNF. Here we focus
only on the α configuration, since we find that the differences
between α and β alignment are very similar to those discussed
for the fully hydrogenated case. As found for single fluorinated
GNFs,60 distortion effects appear also in the bilayer structure:
they are mainly localized at the fluorinated edges and are even
reduced compared to the isolated system, stating the relevance
of intermolecular interactions.

From the scheme of the electron affinity and ionization
potential of the individual flakes in Figure 3b, one could expect
a corresponding sizable reduction of the optical gap in the
BGNF with respect to the single flakes. Indeed, the energies of
the first excited states (dark and active, D and P1, respectively)
are downshifted by about 0.3 eV with respect to the 7H GNF
(see Figure 5a). However, these excitation energies are almost

unchanged if compared to the homogeneous 7H-7H(α)
stacking (Table 3 and Table 1). This is also the case for the
β stacking, as detailed in the Supporting Information.
Apparently, the interaction splitting leading to the gap closure
in the fully hydrogenated BGNF equals the level alignment
effect, which should dominate in the case of the heterogeneous
7H-7F stacking. Analyzing the localization of the frontier
orbitals (see Figure S1, right panel), we find that although the
LUMO and the LUMO + 1 are mainly localized on the 7F
flake, the HOMO and the HOMO − 1 spread over both flakes
(the latter to a smaller extent), indicating a sizable
rehybridization of the states. This means that the reduction
of the optical gap in the 7H-7F case is not only due to the type
II level alignment but also due to interaction splitting effects.
Furthermore, we can analyze the charge-transfer character of
the lowest energy excitations. To this end, we compute the
electron spatial localization of the Ith excitation Le

I , integrating
ρe
I over a box containing each of the flakes composing the

bilayer structure, and analogously for the hole spatial
localization Lh

I (see Table 3). We quantify the charge-transfer
character of the excitation by computing the difference between
electron and hole localization on the same flake. This analysis
clearly highlights the difference between the 7H-7H and the
7H-7F systems: in the latter case the hole is mostly localized in
the hydrogenated and the electron in the fluorinated flake for
the lowest-energy excitations, which present a considerable
charge transfer character (see Table 3 and Figure 5b). These
results imply that in the case of a mixed ensemble of π-stacked
flakes with different width and edge termination, the red shift
and widening of the optical absorption range will be
accompanied by additional charge transfer effects (similar
effects were suggested for different π-coupled systems, e.g., like
nanopeapods61).

■ CONCLUSIONS
We studied the effect of π-stacking on the optical properties of
elongated graphene nanoflakes with armchair edges. Our study

Figure 4. (a) UV−vis spectrum of the 7H-8H BGNF (solid dark
green) compared to the spectra of the isolated 7H (gray area) and 8H
GNFs (dashed light green). The spectra are obtained by using a
Lorentzian broadening of 100 meV. (b) Electron (red) and hole
(blue) probability densities for the two main low-energy peaks P1 and
P3, indicated in (a) and labeled as I1 and I9 in Table 2.

Table 2. Low Energy Optical Excitations (I) of the 7H-8H
BGNFa

I E OS cαβ
2 μ∥ μ⊥

1 1.66 1.49 (0.89) H → L 15.36 0.92
2 2.06 0.02 (0.20) H − 2 → L 1.55 0.06

(0.31) H − 1 → L
(0.11) H → L + 1
(0.10) H → L + 3

3 2.17 0.17 (0.11) H − 2 → L 4.16 1.74
(0.45) H − 1 → L
(0.32) H → L + 1

9 2.66 0.64 (0.44) H − 1 → L + 1 7.96 0.30
(0.12) H → L + 2

28 3.32 2.18 (0.10) H − 2 → L + 1 13.12 0.90
(0.10) H − 1 → L + 3

aEnergy (E, in eV), oscillator strength (OS), squared CI coefficients
(cαβ

2) of relevant transitions (cαβ
2 ≥ 0.1), and the projections of the

transition dipole moment (μ, in D) in the GNF plane (xy plane, μ∥)
and perpendicular to it (z direction, μ⊥).

Figure 5. (a) UV−vis spectrum of the 7H-7F BGNF in α alignment
(solid red) compared to the spectra of the isolated 7H (gray area) and
7F (dashed light blue) GNFs and of the 7H-7H BGNF (solid blue).
For the spectra we use a Lorentzian broadening of 100 meV. The
triangles indicate the position of dark states. (b) Electron (red) and
hole (blue) probability densities of the first two excitations D and P1
(labeled as I1 and I2 in Table 3 for the 7H-7F(α) BGNF).
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covered two different types of stacking, namely, the coupling
between identical flakes with different relative displacement
(homogeneous stacking) and the coupling between different
flakes, carrying different electronic properties in terms of
electronic gap or ionization potential (heterogeneous stacking).
Our findings indicate that in a disordered ensemble of
interacting graphene nanoflakes, with different width and
edge termination, a significant increase of the optical absorpion
range is to be expected. On the other hand, our analysis of the
optical excitations and the transition dipole moments allows us
to clarify that one should not expect a considerable enhance-
ment of the absorption intensity. Instead, charge transfer
excitonic phenomena relevant in optoelectronic applications
can be designed by appropriately choosing the chemical
functionalization and the layering procedure.
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