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possible. To showcase this general synthetic strategy, we
synthesized hPDI2-Pyr-hPDI2 (1) and hPDI3-Pyr-hPDI3
(2), which are atomically precise ribbons up to ∼5 nm in length
with alternating alkoxy pyrene (electron rich) and perylene
diimide oligomers (electron poor; dimer is hPDI2, trimer is
hPDI3; Figure 1B).

ABSTRACT: This Communication describes a new
molecular design for the eﬃcient synthesis of donor−
acceptor, cove-edge graphene nanoribbons and their
properties in solar cells. These nanoribbons are long (∼5
nm), atomically precise, and soluble. The design is based
on the fusion of electron deﬁcient perylene diimide
oligomers with an electron rich alkoxy pyrene subunit.
This strategy of alternating electron rich and electron poor
units facilitates a visible light fusion reaction in >95% yield,
whereas the cove-edge nature of these nanoribbons results
in a high degree of twisting along the long axis. The
rigidity of the backbone yields a sharp longest wavelength
absorption edge. These nanoribbons are exceptional
electron acceptors, and organic photovoltaics fabricated
with the ribbons show eﬃciencies of ∼8% without
optimization.

H

ere we describe the facile preparation of a new type of
cove-edge graphene nanoribbon that is atomically
deﬁned and soluble, whose frontier orbitals are tuned by
alternating electron rich and electron poor subunits. Cove-edge
graphene ribbons made in situ on metal surfaces have unique
electronic properties and band structure due to the nonplanar
segments of the ribbon.1 Cove-edge ribbons made in solution
have the additional beneﬁt of an unusually shaped, contorted πsurface that is highly soluble and processable.2−4 The soluble
nanoribbons, when appropriately functionalized, are excellent
electron-transporting materials in organic photovoltaics.5,6 The
typical preparations of cove-edge graphene nanoribbons
produce either electron poor or electron rich nanoribbons
(the red and blue ribbons in Figure 1A).1−3 To a large extent,
only the HOMO or LUMO is tuned in these nanoribbons, but
not both.
Here we take inspiration from a common design motif in
conjugated polymers, where the HOMO and LUMO can be
independently tuned by using an alternating combination of
electron donor and electron acceptor components.7−13 This
ability to independently tune the electronics via edgefunctionality lowers the bandgap of these ribbons to shift
numerous optical transitions into the visible light regime, which
allows the penultimate photochemical fusion to proceed in
>95% yield with a simple visible-light LED light source.
Additionally, the electron rich segment increases the electron
density, and therefore reactivity, at the reaction site. This allows
us to now access much longer ribbons than was previously
© 2017 American Chemical Society

Figure 1. (A) Electron poor, electron rich, and donor−acceptor
ribbons. (B) Two ribbons designed and synthesized here are hPDI2Pyr-hPDI2 (1) and hPDI3-Pyr-hPDI3 (2).

Common to other electron poor cove-edge nanoribbons,
these molecules are excellent electron acceptors. For example,
cyclic voltammetry reveals that the longest ribbon 2 (hPDI3Pyr-hPDI3) displays 6 reduction events. This excellent electron
accepting ability, coupled with a broad absorption proﬁle with
large molar extinction coeﬃcients (>105 M−1 cm−1) make these
materials excel as the electron acceptor in organic photovoltaics
(OPVs) and ultranarrowband photodetectors.14 Unoptimized
OPV power conversion eﬃciencies (PCEs) of ∼8% are
observed when the ribbons are used in combination with
commercially available polymer donors.
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Scheme 1 displays the synthesis that we developed to prepare
the donor−acceptor, cove-edge ribbons. We ﬁrst prepare the
Scheme 1. Synthesis of hPDI2-Pyr-hPDI2 (1) and hPDI3Pyr-hPDI3 (2)

Figure 2. DFT minimized molecular models of one possible
conformation of hPDI3-Pyr-hPDI3 (2). This conformer has each of
the PDIs wound into a twistacene helix.3

helically wound form, the subunits of 1 rotate through 147°
along its 3.3 nm length, whereas those from 2 rotate an
astonishing 222° over its ∼5 nm end-to-end length. Because of
the contortion in the ribbons, both hPDI2-Pyr-hPDI2 and
hPDI3-Pyr-hPDI3 are highly soluble in typical organic
solvents, such as dichloromethane, chloroform, xylenes, and
chlorobenzene. Powder XRD of hPDI3-Pyr-hPDI3 (2) reveals
an amorphous solid (Figure S11). Atomic force microscopy
(AFM) of thin ﬁlms reveals that hPDI3-Pyr-hPDI3 (2)
organize in lamella on highly ordered pyrolytic graphite (Figure
S12).
We can probe the frontier orbitals in hPDI2-Pyr-hPDI2 and
hPDI3-Pyr-hPDI3 using cyclic voltammetry, UV−vis spectroscopy, and DFT calculations. The Supporting Information
contains the cyclic voltammograms for hPDI2-Pyr-hPDI2 (1)
and hPDI3-Pyr-hPDI3 (2) (Figure S10). Ribbon 1 shows ﬁve,
reversible reduction events in THF. From the ﬁrst reduction,
we can estimate a LUMO of −3.73 eV for hPDI2-Pyr-hPDI2.
The longer ribbon, hPDI3-Pyr-hPDI3, displays a voltammogram with 6 reduction events. The ﬁrst reduction of hPDI3Pyr-hPDI3 occurs at −1.04 V, indicating a LUMO of −3.76
eV.
The Supporting Information contains the UV−vis absorption
(Figures S7 and S8) and ﬂuorescence spectra (Figure S9) for
hPDI2-Pyr-hPDI2 and hPDI3-Pyr-hPDI3. The quantum yield
for hPDI3-Pyr-hPDI3 is 50%. The absorption maximum is 604
and 619 nm for 1 and 2, respectively. As a point of comparison
hPDI4, the longest oligomer previously made, displayed a blueshifted absorption maximum at 602 nm. The optical gap is 2.06
and 2.01 eV for hPDI2-Pyr-hPDI2 and hPDI3-Pyr-hPDI3,
respectively. An interesting feature of the UV−vis spectrum for
hPDI3-Pyr-hPDI3 is its extremely sharp absorption edge. The
sharpness of this low energy transition, which also persists in
the solid state, is a consequence of the fused structure providing
rigidity as compared to typical conjugated polymers. The
combination of electron accepting ability and the sharp
absorption edge in ﬁlms makes these materials best-in-class
for ultranarrowband photodetectors.14
Figure 3 displays images of the HOMO and one of many
degenerate LUMO orbitals for hPDI3-Pyr-hPDI3 (the
Supporting Information contains all relevant orbital pictures
for hPDI2-Pyr-hPDI2 and hPDI3-Pyr-hPDI3). The HOMO
for both hPDI2-Pyr-hPDI2 and hPDI3-Pyr-hPDI3 is located
on the electron rich pyrene, whereas the LUMO consists of
numerous degenerate orbital conﬁgurations that are all
centered on the PDI portions of the molecules. This separation

diborylated pyrene subunit unit 3 and the brominated hPDIoligomers (either 4 (hPDI2-Br) or 5 (hPDI3-Br).3 This choice
of boronate and halide for the Suzuki reaction is optimal due to
the ease of palladium insertion into the electron deﬁcient
halogen on the hPDI subunits.15 The yield is quantitative for 6
and 7; however, puriﬁcation of these large molecules using silica
gel chromatography results in a small loss in isolated yield.
Remarkably, we ﬁnd that irradiation with a common visible
light LED in the presence of an oxidant (I2) provides a >95%
yield of the fully cyclized acceptor−donor−acceptor ribbons
hPDI2-Pyr-hPDI2 (1) and hPDI3-Pyr-hPDI3 (2). The lower
energy visible absorptions of the precursors to hPDI2-PyrhPDI2 (1) and hPDI3-Pyr-hPDI3 (2) compared to classic
photocyclization substrates such as UV absorbing stilbene
facilitates this visible light reaction.
It was surprising that the cyclization reaction proceeds so
cleanly to product based on our past experience with hPDIribbons. For example, in all previous attempts to lengthen
hPDI4, the photocyclization failed. Indeed, even with a more
intense UV light source, the longer hPDI oligomers could not
be formed. The increased electron density provided by the
electron rich pyrene increases reactivity and allows this
cyclization to be facile. This strategy adds to the growing
body of evidence that points to the ease of fusing electron rich
aromatics to the electron deﬁcient bay position of PDIs through
photocyclization.16 Furthermore, we can operate the synthesis
in a photochemical ﬂow reactor built around a 17 000 lm LED
lamp. This showcases that the solubility of this ∼5 nm
graphene nanoribbon is far superior to most carbon
nanostructures, allowing for synthetic scalability through ﬂow
chemistry. This solubility, along with the high yield of this
fusion, reveals that polymeric versions are now feasible. In
addition to polymers, this strategy of coupling and fusing
fragments with complete control of edge functionality should
be general toward a diverse family of donor−acceptor ribbons.
As with previously reported hPDI cove-edge oligomers,
several conformations are possible.3 The conformation that
most illustrates the contortion in these ribbons is the helical,
twistacene conformation. Figure 2 displays a DFT model of this
energy minimized structure for 2. Each subunit folds with the
same handedness to make a helix along the long axis. In the
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7.6%, comparable with the best PTB7-Th-based nonfullerene
solar cells.5,19−21
Table 1. Summary of Device Parameters of PTB7-Th:1 and
PTB7-Th:2 Solar Cells
PTB7-Th:1
PTB7-Th:2

JSC (mA/cm2)

VOC (V)

FF (%)

PCE (%)

14.3
15.1

0.83
0.80

58.1
62.9

6.9
7.6

This is noteworthy, as most PTB7-Th based fullerene/
nonfullerene solar cells show a PCE that is below 7.5% without
using solvent additives.5,20,22,23 AFM microscopy indicates that
the blended ﬁlm of PTB7-Th and hPDI2-Pyr-hPDI2 or
hPDI3-Pyr-hPDI3 automatically forms a good phase separation for charge dissociation and transport with domains of
approximately 30 nm in diameter (Figure S5). The electron and
hole mobilities of the PTB7-Th:2 blended ﬁlm from space
charge limited current measurements are 7.1 × 10−4 and 3.9 ×
10−4 cm2 V−1 s−1, respectively (Figure S6). To conﬁrm eﬃcient
charge transfer between the donor−acceptor, we performed
transient absorption spectroscopy (Figures S13−S15). Charge
transfer is balanced and occurs on the picosecond time scale.
We hypothesize that the extended conjugation of hPDI2-PyrhPDI2 and hPDI3-Pyr-hPDI3, along with their ability to
accept so many electrons, makes them highly eﬃcient in solar
cells. Although these values are excellent for unoptimized
nonfullerene solar cells, they will be improved dramatically if we
use a donor with a better electronic24,25 and conformational
match26−28 for these ribbons.
This Communication describes the fusion of donor and
acceptor segments to create cove edge graphene nanoribbons
whose frontier orbitals can be tuned independently. We
synthesize them through a high-yielding visible light ﬂow
photocyclization to produce atomically deﬁned ribbons that are
∼5 nm long. The ribbons are highly soluble and processable
into thin ﬁlms. When blended with commercially available
electron donors, they act as the electron acceptor in highly
eﬃcient OPVs. Electrochemistry shows that each ribbon can
accept large numbers of electrons. The ease of independently
tuning the frontier orbitals, along with the solubility and
simplicity of the chemistry, suggest that this strategy is
applicable for the synthesis of a diverse family of ribbons,
along with longer discrete nanoribbons and polymers. Moreover, this chemistry lends itself to functionalizing the ribbons
on their ends to facilitate device testing of individual ribbons.

Figure 3. Images of the HOMO and one of many degenerate LUMO
orbitals of hPDI3-Pyr-hPDI3 (2).

and degeneracy is crucial for enhancing the already large molar
absorptivity of these chromophores to >105 M−1 cm−1. The
HOMO levels of ribbon 1 and 2 are calculated to be −5.80 and
−5.76 eV, respectively. The LUMO levels are predicted to be
−3.56 and −3.68 eV, respectively. These values are similar to
the LUMO levels of −3.73 and −3.76 eV estimated from
electrochemistry.
To test the eﬃcacy of these new donor−acceptor ribbons as
electron acceptors in organic photovoltaics (OPVs), we chose
PTB7-Th as the electron donor.17,18 The long wavelength
absorptions of PTB7-Th are red-shifted relative to those of the
ribbons, resulting in blended ﬁlms that have broad and intense
absorptions from 350 to 800 nm. Ribbons hPDI2-Pyr-hPDI2
(1) and hPDI3-Pyr-hPDI3 (2) were tested in an inverted solar
cell structure, shown in the Supporting Information (Figure
S2). Figure 4A displays an estimation of the energy levels of the
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Figure 4. (A) Energy levels of the components in the solar cell
estimated from cyclic voltammetry and DFT calculations. Energy
levels of PTB7-Th were adopted from Liao et al.17 (B) J−V curves for
hPDI2-Pyr-hPDI2 (1) and hPDI3-Pyr-hPDI3 (2). (C) EQE spectra
for hPDI2-Pyr-hPDI2 (1) and hPDI3-Pyr-hPDI3 (2).
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