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G
raphene, a single layer of graphite,1

has been extensively studied world-
wide since the discovery of its re-

markable electronic properties.2�6 When
graphene is cut along a specific direction,
a strip of graphene with a nanometer sized
width (<10 nm) is obtained, which is re-
ferred to as a graphene nanoribbon (GNR).
Compared to graphene, GNRs show distinc-
tive features in their electronic structure and
optical properties, such as the opening of a
finite band gap (graphene being a zero-
overlap semimetal), which makes them at-
tractive materials for carbon-based nano-
electronics.7�10

The geometrical arrangement of carbon
atoms at the periphery, the passivation of
the end carbon atoms with, for example,
hydrogens, and the finite width of the GNRs
strongly affect their electronicproperties.11�14

These confinement effects yield an increased
band gap in armchair edge nanoribbons (A-
NRs) that behave as semiconductors. A-NRs
feature band gaps that scale inversely propor-
tional to the ribbon width11,15�19 and are
highly sensitive to the number of armchair
chains across the ribbon.20�22 GNRs deli-

neatedwith zigzag edges (Z-NRs) are typically

metallic because of the spin-ordered states at

the edges,7,15,23�25 with those states localized

near the Fermi level; nanoribbonswith a high-

er fraction of zigzag edges exhibit a smaller

band gap than a predominantly armchair

edge ribbon of similar width.20 Those peculia-

rities have raised the interest of scientists for

the design, synthesis, and electrical character-

ization of GNRs.
Finite widths combined with periphery

effects alsoprovideGNRswithpeculiar optical
properties.26,27 In particular, the absorption

spectra of A-NRs exhibit strong anisotropy for
the polarization direction of the incident
light:28 a number of absorption peaks appear
when the polarization is parallel to the long-
itudinal length of the ribbon (resulting from
direct interband transitions), while only one
band is present when the polarization is set
perpendicular to the ribbon (associated with
an indirect interband transition).29,30 On the
other hand, Z-NRs show a different behavior
with respect to polarization of light: the direct
interband transition is forbidden for light
polarized along the NR length but is allowed
when the light polarization is perpendicular to
the ribbon.30 Another important feature per-
taining to graphene ribbons is the existence
of edge states,whichplay an important role in
the optical absorption spectrum in the visible
range.26
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ABSTRACT

Graphene nanoribbons (GNRs) are strips of graphene cut along a specific direction that feature

peculiar electronic and optical properties owing to lateral confinement effects. We show here

by means of (time-dependent) density functional theory calculations that GNRs with properly

designed edge structures fulfill the requirements in terms of electronic level alignment with

common acceptors (namely, C60), solar light harvesting, and singlet�triplet exchange energy

to be used as low band gap semiconductors for organic photovoltaics.
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Because of their interesting optoelectronic proper-
ties and the possibility to tune their (optical) band gap
through a proper design of their length, width, and
edge structure, GNRsmay be used as alternative to low
band gap conjugated polymers (molecules) in bulk
heterojunction organic solar cells. For this purpose,
however, GNRs should fulfill two necessary require-
ments revolving around their one-electron energy
diagram and optical response, respectively:31�35

(i) On the one hand, suitable GNR donors should yield
type II heterojunction in combination with common
electron acceptors such as C60 or its soluble derivatives.
Namely, an energy offset of a few tenths of an electron-
volt between the LUMO (HOMO) levels of the donor
and acceptor materials is typically needed to favor
electron transfer from the photoexcited donor to the
ground-state acceptor while preventing the corre-
sponding hole transfer; in addition, the energy differ-
ence between the donor HOMO and the acceptor
LUMO should be as large as possible to maximize the

open circuit voltage (Voc).
33 (ii) As light harvesting

occurs primarily on the donor material in C60-based
organic solar cells, the GNRs should also feature strong
optical absorption over the broad spectral range of the
solar emission. In addition, the primary step in the
dissociation process involves a Coulombically bound
charge-transfer state.36 It is believed that local electric
fields at the interface, as, for example, induced by
interfacial dipoles associated with electronic polariza-
tion or charge-transfer effects, can potentially reduce
the barrier height for full charge separation.37,38 Thus,
the electronic structure at GNR�acceptor interfaces is
also key for efficient charge photogeneration. Last but
not least, low-lying triplet excited states might act as
sinks for the photogenerated electron�hole pairs,
which appears as an efficient competitive process in
high Voc material combinations, hence the need for
donors with low singlet�triplet exchange energy.39

Here, we use first principle theoretical methods
based on (time-dependent) density functional theory,

Figure 1. Chemical structures of the GNRs investigated here. The central red parts highlight the monomers; the dashed lines
at the edges indicate the direction of elongation of the ribbons. p-ANR andm-ANR have the same repeating unit but differ by
their connectivity. The difference in the CNR series is due to the increase of the width in the sequence 4-CNR < 6-CNR < 8-CNR.
9-ANR and [4,6,8]-ZNR are model structures for armchair and zigzag ribbons, respectively. For all structures, methyl groups
are used as side chains in the calculations.
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(TD)-DFT, to address the potential of A-NRs and Z-NRs
with tailored width and edge topology as donors in
photovoltaic cells. One should keep in mind that, in
addition to the electro-optical characteristics de-
scribed above, morphological issues and the optimi-
zation of device architecture are also critically
important for high quantum yield solar cells.40

Among others, these ribbons need to be properly
substituted with long and possibly branched alkyl
chains to be soluble in organic solvents and have
good film-forming properties. Being important is-
sues, these are, however, beyond the scope of this
paper where we address the potential of GNRs in
organic photovoltaics (OPV) from a theoretical point
of view.

RESULTS AND DISCUSSION

The graphene nanoribbons investigated differ by
their shapes and widths. The ANRn series is built using
the same monomer but with different connectivity,
para for p-ANRn and meta for m-ANRn. The cove-
shaped GNRs (CNRn) feature cove-type edge structure
and increasing width in the sequence 4-CNRn < 6-CNRn
< 8-CNRn. Some of these nanoribbons have been
synthesized, and details about their synthesis and
characterization are reported elsewhere.41 We have
performed DFT/HSE calculations of the electronic en-
ergy levels for all NRs in Figure 1 and tight-binding
analysis for the two ANR series. These have been
complemented for selected ribbons by DFT calcula-
tions using a long-range corrected functional, namely,
wB97XD,52 to check the robustness of the theoretical
findings. The shape of the frontier molecular orbitals
for all NRs studied together with a comparison be-
tween HSE and wB97XD results is given in Supporting
Information. The HOMO�LUMO gaps calculated at the
HSE levels are reported in Table 1 and are compared in
Figure 2 to results obtained from a simple tight-bind-
ing model (where the resonance integral has been set
to �3.3 eV).42 Figure 2 shows that the HOMO�LUMO
gap decreases strongly with the longitudinal size of the
NRs, that is, the number n of repeating units. Good
agreement is found between the HSE and tight-bind-
ing calculations, with the latter easily amenable to
larger size ribbons and showing a saturation of the
gap for a length of n∼ 15 units. The larger width ofm-
ANRn compared to p-ANRn translates into a smaller
band gap: 1.08 eV in the polymer limit for m-ANRn
versus 1.35 eV for p-ANRn.
As described before, the band gap of graphene

nanoribbons is closely related to their widths, more
specifically to the number N of carbon rows across the
nanoribbon.21 In particular, A-NRs are strictly metallic
in the tight-binding approximation when the width
fulfills N = 3p þ 1 or N = 3p þ 2 (N is the number of
armchair chains and p is an integer). This is somewhat
relaxed, and a small band gap opens when considering

edge effect and including hydrogen passivation in
density functional theory (DFT) calculations. On the
other hand, A-NRs with N = 3p always feature a
significant band gap.21,22 The results reported here
for the two periodic structures indicate that they are
both semiconductors. Note that this is consistent with
the p-ANRn series investigated belonging to the 3p
family, with N = 9 (p = 3). For the sake of comparison,
we have calculated the electronic structure of the
9-ANRn nanoribbon. The DFT/HSE calculations lead to
a significant lowering of the band gap when going
from p-ANRn (1.35 eV) to 9-ANRn (1.09 eV). This differ-
ence emphasizes the sensitivity of the band energy
diagram on the topology of the nanoribbon edges
(Figure 3a).
The 4-CNRn, 6-CNRn, and 8-CNRn ribbons are essen-

tially benzo-fused zigzag nanoribbons. According to
the literature, zigzag GNRs should be metallic with a
zero band gap energy. Our DFT calculations indicate
that the three CNRs investigated here are in fact
semiconducting with a band gap between 1 and 2 eV
depending on the width (Figure 3b and Table 1). To
understand this apparent discrepancy, we have per-
formed additional calculations on infinite nanoribbons
where the rings at the edges are removed and sub-
stituted with H atoms (these are labeled 4-ZNRn,
6-ZNRn, and 8-ZNRn). The electronic band structure of
the three modified ribbons, displayed in Figure 4, is
consistent with previous theoretical studies: as re-
ported by Louie and co-workers,22 zigzag GNRs are

TABLE 1. HOMO�LUMO Energy Gaps Calculated for the

ANRn and CNRn Series, from Monomers to Tetramers,

Together with the Polymer Band Gaps

HSE functional monomer dimer trimer tetramer polymer

ΔEL‑H p-ANRn (eV) 2.09 1.79 1.63 1.54 1.34
ΔEL‑H m-ANRn (eV) 2.09 1.64 1.43 1.31 1.08
ΔEL‑H 4-CNRn (eV) 3.36 2.31 2.04
ΔEL‑H 6-CNRn (eV) 2.80 1.85 1.50
ΔEL‑H 8-CNRn (eV) 2.48 1.53 1.18

Figure 2. HOMO�LUMO energy gaps calculated for p-ANRn
and m-ANRn at the DFT/HSE level (symbols) and TB level
(solid lines), as a function of the inverse number of repeat-
ing units (0 for the infinite, periodic, structure).

A
RTIC

LE



OSELLA ET AL. VOL. 6 ’ NO. 6 ’ 5539–5548 ’ 2012

www.acsnano.org

5542

characterized by a direct band gap Δ0 (namely, the
minimum difference in energy between the valence
and the conductance bands) and the energy splitting
Δ1 present at the end of the Brillouin zone, where k = 0
(Γ point). From Figure 4, the ZNRn series shows a vanish-
ingly small direct bandgap located at the two-third of the
Brillouin zone and flat bands close to the Fermi energy,
while the energy splitting at k= 0decreases continuously
with increasing width of the NRs. This behavior is due to
the confinement of the frontier band states close to the
edges of the ribbon. Comparing Figures 3b and 4, we can
thus conclude that the sole presence of the benzo-fused
edge groups in the CNRn series breaks the electronic
confinement of the wave function close to the Fermi
energy and is responsible for the opening of a band gap.

Since all of the GNRs investigated here feature a
finite band gap, it is of interest to assess their potential
as electron donors in the fabrication of OPV cells. As
described earlier, a first requirement deals with the
one-electron energy structure, which should favor the
formation of thermodynamically stable charge-sepa-
rated states from the lowest excited state of the donor.
For the sake of comparison, we have also calculated at
the same level of theory the electronic band structure
of poly(3-hexylthiophene) (P3HT), a work horse for
polymer donors used in bulk heterojunction (BHJ) solar
cells, and the frontier energy levels of C60, used as
acceptor (or rather its soluble version phenyl-C61-bu-
tyric acid methyl ester, PCBM) in combination with
conjugated polymers in prototypical BHJ devices. As

Figure 3. Band structure (half Brillouin zone) along the longitudinal axis of ANRn (a) and CNRn (b) series, as computed at the
DFT/HSE level (a is the lattice constant).
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reported in the literature,43 the “anti” configuration of
the P3HT backbone is the most stable, with a shallow
minimum corresponding to an equilibrium torsion
angle between successive rings in the gas phase of
about 150�. However, the conjunction of packing
forces in the solid together with van der Waals inter-
actions between the alkyl side chains drives the con-
formation of P3HT chains into a close to planar
structure,44 which has therefore been adopted in our
electronic structure calculations. In addition, to save
computational efforts, the long alkyl side chains have
been substituted with methyl groups, which should
not affect the electronic and optical properties of
isolated chains. The energy values of the valence and
conduction band edges for the graphene nanoribbons
and P3HT are listed in Table 2 and plotted in Figure 5,
together with the HOMO and LUMO energies of C60.
From both Figure 5 and Table 2, it is clear that all

GNRs investigated here have a lower electron affinity
than C60 and give rise to an energy mismatch between
the donor and acceptor LUMO levels larger than 0.4 eV
at the HSE level (0.42 and 0.48 eV for m-ANRn and
8-CNRn, respectively; for all other NRs studied, this
value is higher than 0.5 eV). Qualitatively, this energy
difference is on the order of the typical exciton binding
energy in organic materials46 and should thus provide
the necessary driving force for splitting the excitons

into free charge carriers at GNR/C60 interfaces. Yet, we
stress that the HSE functional is known to underesti-
mate the quasiparticle gap, in comparison to the more
reliable GW appoach,45 thus a quantitative assessment
from the HSE results should be considered with care.
We further note that the relative positioning of the
energy levels should be accurately described at the
HSE level. As a matter of fact, the HSE results yield a
driving force of about 1 eV for the P3HT/C60 interface,
which is in very good agreement with experiment.47 In
addition, the valence band edge of the graphene
nanoribbons is shifted down in energy compared to
P3HT by up to 0.4 eV. As the open circuit voltage is, in
the simplest picture, related to the energy difference
between the donor HOMO and the acceptor LUMO,
this should translate into higher Voc and therefore
higher power conversion yield in solar cells where
GNRs substitute P3HT.
Polymer donors in organic photovoltaic cells are

primarily used to harvest sunlight. There is abundant
recent literature on the design and synthesis of low
band gap conjugated (co)polymers and their use as
donors in organic solar cells.31,35,48,49 Clearly, if GNRs
are to be used for this purpose, they need to exhibit, in
addition to the proper energy alignment with accep-
tors discussed above, strong absorption in the visible
and infrared spectral range. For the simulation of the
optical properties, we resort to finite oligomers (as the
TD-DFT approach implemented in Gaussian09 cannot
be applied to periodic systems). Moreover, the nano-
ribbons synthesized by the bottom-up approach
(namely, m-ANRn) display a broad distribution in phy-
sical lengths, which is indicated by a polydispersity
index (PDI) of 1.1�2.2, as measured by analytical gel
permeation chromatography (GPC). We have thus
analyzed the evolution of the absorption spectra with
the longitudinal size (from n = 1 to n = 4) of the
nanoribbons; see Supporting Information. These show
profound changes in the number and relative intensity
of themain absorption bands from n = 1 to n = 3, while
the overall shape of the spectra remains unchanged

Figure 4. Band structure (half Brillouin zone) along the
longitudinal axis of the zigzag NRs. Δ0 is referred to as the
direct bang gap, while Δ1 is the energy splitting at the end
of the Brillouin zone (k = 0 or Γ point).

TABLE 2. Valence Band (VB) Energy, Conduction Band

(CB) Energy, and Band Gap Value for GNRs and P3HT

Polymera

p-ANRn m-ANRn 4-CNRn 6-CNRn 8-CNRn P3HTn C60

VB (eV) �4.40 �4.28 �4.63 �4.43 �4.32 �4.19 �5.95
CB (eV) �3.06 �3.20 �2.59 �2.93 �3.14 �2.55 �3.62
band gap (eV) 1.34 1.08 2.04 1.50 1.18 1.64 2.33
ΔE LUMO(A‑D) 0.56 0.42 1.03 0.69 0.48 1.07

a HOMO and LUMO energies and HOMO�LUMO gap are also given for C60. The
energy mismatch between the donor (GNRs and P3HT) and the acceptor (C60
molecule) LUMO levels is also reported.

Figure 5. One-electron energy diagram for GNRs, P3HT
(donors), and C60 (acceptor).
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when going to longer ribbons (except, of course, for
the red shift of all absorption peaks consistent with the
increased delocalization size expected from a particle
in the box picture).
The optical absorption spectrum computed for the

m-ANR4 (Figure 6a) is in good agreement with that
measured for the corresponding nanoribbon in N-
methyl-2-pyrrolidone (Figure 6b): the experimental
spectrum features a strong and broad band in the
range of 500�800 nm with a shoulder at ∼960 nm,
which compares favorably to the computed spectrum
with two intense bands at 634 and 792 nm and a
shoulder at 923 nm. As found form-ANR4, the absorp-
tion spectrum predicted for p-ANR4 (Figure 6c) shows
two main bands in the visible with a shoulder at low
energy (yet the full spectrum of m-ANR4 is red-shifted
with respect to p-ANR4, as expected from the differ-
ence in the width of the two nanoribbons). In contrast
to the armchair ribbons that feature a rich structure
with multiple peaks and shoulders, the calculated
absorption spectra of the cove-shaped ribbons are
dominated by a single peak at 498 nm in 4-CNR4,
608 nm in 6-CNR4, and 694 nm in 8-CNR4 (Figure 6d).
To assess the role of edge effects on the shape of the

absorption spectrum, we have applied the same TD-
DFT methodology to describe the excited states of
nanoribbon 9-ANR4 lacking the benzo-fused rings at
the lateral edges. In line with the small (0.16 eV)

lowering of the band gap in 9-ANR4 compared to
p-ANR4, the lowest optical transition is red-shifted
(by 0.1 eV) when going from the latter to the former
(Figure 6c). As a matter of fact, the lowest excited state
in both ribbons is dominated by a HOMO�LUMO
electronic excitation. As can be clearly seen in
Figure 6c, the presence of the edge units has a more
profound impact on the shape of the absorption
spectrum and is responsible for the presence of multi-
ple bands in the visible range. Through a detailed
analysis of the excited-state wave functions, it turns
out that the second optical transition in 9-ANR4 (at
∼625 nm) corresponds to the third weak band in p-
ANR4 (at ∼621 nm). The main difference between the
two spectra lies in the presence of an additional,
strongly allowed, optical excitation on the p-ANR4
spectrum (at ∼704 nm), which is associated with the
extension of the π-system along the lateral direction.
Thus, though p-ANR4 is essentially an armchair gra-
phene nanoribbon featuring nine carbon rows as
9-ANR4, edge effects brought about by the bottom-
up synthesis of the armchair ribbons studied here give
rise to a more complex absorption spectrum with
additional strong absorption bands in the visible.
Focusing on the CNRn series, the TD-DFT calculations

show the expected continuous bathochromic shift
upon increasing the width of the nanoribbons
(Figure 6d). In all cases, the lowest excited state

Figure 6. Simulated absorption spectra form-ANR4 (a); p-ANR4 (dash line) and 9-ANR4 (c); 4-CNR4, 6-CNR4, and 8-CNR4 in solid,
dashed, and dotted lines, respectively (d). Experimental absorption spectrum for m-ANRn (b). The vertical lines in the
simulated spectra indicate the oscillator strengths.
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primarily involves a HOMO�LUMO transition. As de-
scribed above, the most striking result for the CNRn
series is the fact that these display a semiconductor
behavior with strong absorption of light in the visible
range, which differs significantly from the photophy-
sical behavior of perfectly zigzag nanoribbons with
zero band gap. Once again, this points to the large
impact of the edge effects on the electronic and optical
properties of GNRs.
It is worth lookingmore closely at these results in the

light of their potential application as antennas in
organic solar cells. From the comparison of the simu-
lated absorption spectra of the studied GNRs and the
reference conjugated polymer (the 8-unit P3HT8 chain)
in Figure 7, one can clearly see that the GNRs strongly
absorb light across the visible and infrared spectral
regions, which should translate into efficient harvest-
ing of the solar emission. It is indeed commonly
admitted in the low band gap polymer community
that developing materials with a broad absorption
band down to 1.5�1.2 eV and a high extinction
coefficient (of at least 105 cm�1) is a prerequisite for
higher photoconversion efficiencies. In that respect,
the armchair GNRs seem particularly appealing as
these display stronger absorption than P3HT8 in a
broader and red-shifted region of the spectrum that
matches closely with the solar emission.
Finally, we would like to address two additional

issues in a number of organic-based solar cells. The
first one deals with the possibility that low-lying donor
triplet excited states act as sinks in the charge genera-
tion process. This will be particularly important in high
Voc material combinations where large exchange inter-
actions can bring the lowest triplet exciton, T1, below
the charge-transfer state.39 It is thus instructive to see
how the S1�T1 energy gap compares to conjugated
polymers, namely, to P3HT. In Figure 8, we report the
vertical excitation energies from the S0 ground state to
both the S1 and T1 excited states, as well as their energy

difference for the two series of NRs investigated and
the 8-unit P3HT8 chain. These have been obtained at
the TD-DFT level, as unrestricted DFT calculations tend
to underestimate the S0�T1 energy gap;

50 see Support-
ing Information. As found for conjugated polymers, the
energy of the S0�S1 transition decreases faster with
increasing ribbon longitudinal size than that of the
S0�T1 transition, leading to a reduction of the S1�T1
energy gap. This reflects the more localized character
of the T1 excited-state wave function.51 Yet, we find
that the S1�T1 exchange energy converges to a value
(of about 0.3 eV) that is considerably smaller than the
corresponding quantity in P3HT8 (∼0.9 eV), suggesting
an increased electron�hole radius of the lowest elec-
tronic excitations in the ribbons.We note in passing that
the singlet�triplet energygap computedat theTD-DFT/
HSE level for P3HT is close to that reported from
phosphorescence measurements on a number of ri-
gid-rod conjugated polymers (on the order of 0.7 eV).51

A second issue concerns the one-electron energy
picture of Figure 5. Though this is still open to debate, it
seems that the driving force for charge separation
brought by the energy level offset between donor
and acceptor in polymer BHJ cells might be at least
partly lost as heat during fast thermalization of the
initially hot charge-transfer (CT) states. This then raises
the question of the mechanisms responsible for the
splitting of the resulting fully relaxed Coulomb bound
electron�hole pairs. In that respect, a substantial
reshuffling of the electronic density has been demon-
strated at organic interfaces that can either favor or
impede splitting of the CT states.37,38

To address this question, we have modeled at the
DFT level a simple donor�acceptor complex compris-
ing one p-ANR2 nanoribbon interacting with a C60
molecule, as well as the P3HT8/C60 pair for comparison.
The geometric structure of both systems has been fully
relaxed accounting for dispersion interactions using
the wB97XD DFT functional,52 and a single-point cal-
culation has been performed at the HSE level on the
basis of this equilibrium geometry. In line with the
energy diagram of Figure 5, the HOMO of the complex
is essentially confined on the GNR donor while the

Figure 8. Transition energies from the singlet ground state
to the lowest singlet (S1) and triplet (T1) excited states and
S1�T1 energy gap for all of the NRs studied. The dotted lines
are a guide to the eye.Figure 7. Overlap of calculated absorption spectra of GNRs

with the solar emission spectrum (incident optical power
density under standard conditions: air mass 1.5 global
sunlight, 100 mW cm�2 at 298 K). The P3HT spectrum is
calculated for an octamer, while the NRs' spectra are for
tetramers.
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LUMO is on the fullerene acceptor (Figure 9a). Yet, by
comparison to the energy values computed for the
isolated molecules, the C60 LUMO level is shifted up in
energy (destabilized) by about 0.46 eV while the p-ANR2
HOMO is shifteddownby 0.06 eV. This arises because of a
conjunction of electrostatic effects (more precisely, the
unbalancedquadrupolarfield at the interface) andpartial
charge transfer (by about 0.10 |e|) in the electronic
ground state.37,38 For the P3HT/fullerene interface inves-
tigated here, a similar behavior is predicted, with the
same localization of the frontier orbitals in the complex
(HOMO confined on the donor and LUMO on the
acceptor, Figure 9b). In this case, the C60 LUMO level is
shifted up by about 0.16 eV while the P3HT8 HOMO is
stabilized by 0.43 eV. Once again, this arises because of
electrostatic effects and partial ground-state charge
transfer (by about 0.20 |e|). Thus, the DFT calculations
suggest that electrons and holes close to the interface
experience a local electric field that tends to expel them
into the bulk. Interestingly, the magnitude of this effect
on theorder of half an electronvolt is commensuratewith
the CT binding energy53,54 and should thus promote the
formation of free charge carriers.

CONCLUSIONS

In summary, the electronic and optical properties of
novel GNR structures have been modeled using DFT
and TD-DFT methods. We found that the width of the
ribbons together with their topology and edge struc-
tures dictate their electronic band structure and optical
absorption spectra. In the ANRn series, the broader

width ofm-ANRn compared to p-ANRn translates into a
smaller band gap (1.08 vs 1.35 eV), while for the CNRn
series the sole presence of benzo-fused edge groups is
responsible for the opening up of a band gap to reach
values between 1.2 and 2.0 eV. The optical absorption
spectra of the ANRn ribbons show two main bands in
the visible with a shoulder at low energy (and red-
shifted bands for m-ANRn with respect to p-ANRn),
while the CNRn ribbons display a semiconductor be-
havior with strong absorption of light in the visible
range, in contrast to zigzag nanoribbons with zero
band gap. All GNRs studied have a lower electron
affinity than C60, with energy mismatch between the
LUMO levels as large as 0.4 eV and valence band edge
shifted up in energy compared to P3HT by up to 0.4 eV.
In addition, they strongly absorb light across the visible
and infrared spectral regions that should translate into
efficient harvesting of the solar emission. Likely be-
cause of electron delocalization along the lateral direc-
tion, the S1�T1 energy gap of about 0.3 eV is much
smaller than that encountered in conjugated poly-
mers, which should reduce the triplet losses in high
Voc solar cells. Finally, rearrangement of the electronic
density at GNR/C60 interfaces strongly perturbs the
energy diagram for electrons and holes favoring the
splitting of the CT pairs into free charge carriers.
Altogether, the electronic and optical properties of
GNRs seem to be particularly well-suited to ensure
sunlight absorption and photoconversion at interfaces
with fullerenes in OPV devices. Work along that direc-
tion is currently in progress.

METHODS
DFT calculationswere performed onNRs of finite longitudinal

lengths as well as for the corresponding infinite nanoribbons
using periodic boundary conditions (see Figure 1 for chemical
structures). A k-point sampling of 27 (47) k points that are
uniformly positioned along the 1D Brillouin zone is employed
for ANRn (CNRn) series, with armchair (cove)-shaped edges

(n denotes the number of repeating units or monomers). The
screened exchange hybrid density functional HSE,55 which has
been shown to accurately reproduce experimental bandgaps of
molecules and solids,56,57 has been used. For instance, HSE
calculations yield a HOMO�LUMO gap of 2.09 eV in the mono-
mer ANR1, in excellent agreement with the ∼2.1 eV experi-
mental value.58 An electrostatic potential (ESP) charge analysis

Figure 9. (a) HOMO (left) and LUMO (right) orbitals at the p-ANR2/C60 interface. (b) HOMO (left) and LUMO (right) orbitals at
the P3HT8/C60 interface.
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has been carried out for the interface between p-ANR2 and the
C60 molecule. All reported electronic properties are given for
fully optimized geometric structures using the polarized 6-31G*
Gaussian basis set.59 TD-DFT calculations were performed to
assess the electronic singlet and triplet excited states of finite
NRs and to simulate their optical absorption spectra, using the
same screened exchange hybrid density functional and the
6-31G* basis set. All of the calculations presented in this work
were performed using the development version of the GAUSS-
IAN09 suite of programs.60 Finally, tight-binding calculations42

werealsoperformed to address the convergence of thebandgap
with n. Optical absorption spectrum was measured at room
temperature on a Perkin-Elmer Lambda 100 spectrophotometer
in N-methyl-2-pyrrolidone (NMP). The GNR sample (0.5 mg) was
dispersed inNMP (5.0mL) by sonication for 30min and subjected
to centrifugation (1000 rpm, 40 min). The supernatant solution
(3.0 mL) was taken and used for the absorption measurement.41
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