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CONSPECTUS: Polycyclic aromatic hydrocarbons (PAHs), consisting
of laterally fused benzene rings, are among the most widely studied
small-molecule organic semiconductors, with potential applications in
organic field-effect transistors (OFETs) and organic photovoltaics
(OPVs). Linear acenes, including tetracene, pentacene, and their
derivatives, have received particular attention due to the synthetic
flexibility in tuning their chemical structure and properties and to their
high device performance. Unfortunately, longer acenes, which could
exhibit even better performance, are susceptible to oxidation, photo-
degradation, and, in solar cells which contain fullerenes, Diels−Alder
reactions. This Account highlights recent advances in the molecular
design of two-dimensional (2-D) PAHs that combine device perform-
ance with environmental stability.
New synthetic techniques have been developed to create stable PAHs that extend conjugation in two dimensions. The stability of
these novel compounds is consistent with Clar’s sextet rule as the 2-D PAHs have greater numbers of sextets in their ground-state
configuration than their linear analogues. The ionization potentials (IPs) of nonlinear acenes decrease more slowly with
annellation in comparison to their linear counterparts. As a result, 2-D bistetracene derivatives that are composed of eight fused
benzene rings are measured to be about 200 times more stable in chlorinated organic solvents than pentacene derivatives with
only five fused rings.
Single crystals of the bistetracene derivatives have hole mobilities, measured in OFET configuration, up to 6.1 cm2 V−1 s−1, with
remarkable Ion/Ioff ratios of 107. The density functional theory (DFT) calculations can provide insight into the electronic
structures at both molecular and material levels and to evaluate the main charge-transport parameters. The 2-D acenes with large
aspect ratios and appropriate substituents have the potential to provide favorable interstack electronic interactions, and
correspondingly high carrier mobilities.
In stark contrast to the 1-D acenes that form mono- and bis-adducts with fullerenes, 2-D PAHs show less reactivity with
fullerenes. The geometry of 2-D PAHs plays a crucial role in determining both the barrier and the adduct stability. The reactivity
and stability of the 2-D PAHs with regard to Diels−Alder reactions at different reactive sites were explained via DFT calculations
of the reaction kinetics and of thermodynamics of reactions and simple Hückel molecular orbital considerations. Also, because of
their increased stability in the presence of fullerenes, these compounds have been successfully used in OPVs.
The small-molecule semiconductors highlighted in this Account exhibit good charge-transport properties, comparable to those of
traditional linear acenes, while being much more environmentally stable. These features have made these 2-D PAHs excellent
molecules for fundamental research and device applications.

1. INTRODUCTION

The concept of aromaticity continues to be of central
importance in physical organic chemistry for fundamental
understanding of structure, stability, and chemical reactivity of
polycyclic aromatic hydrocarbons (PAHs).1−4 Several reviews
have been devoted to both early and present research by
leading investigators.1−6 PAHs are currently among the most

widely studied organic semiconductors due to their tailorability
and the appealing characteristics of their electronic structure.3

Particular attention has been paid to linear PAHs, which are
composed of laterally fused benzene rings.4,5 A wide variety of
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linear acenes, such as tetracene, pentacene, and related
derivatives, have been carefully designed and synthesized to
produce highly desirable electronic properties, including
remarkable charge-carrier mobilities.6−8 Although increased
conjugation length enhances electronic coupling and reduces
reorganization energies in the solid state, which can lead to high
charge-carrier mobilities,5,9 linear acenes longer than five rings
are not stable due to their low ionization potentials (IPs) and
narrow band gaps.10,11 It is in fact well-known that acenes
become increasingly reactive as the number of rings increases,
with the central ring being the most reactive.12 As a result, the
central rings in these molecules are susceptible to oxidation,
photodegeneration, and Diels−Alder reactions.13−15 Although
some higher acenes can be stabilized by the addition of
protecting bulky substituents,16−20 many of the bulkier
substituents disrupt the π-stacking motif and inhibit charge
transport.
In general, the stability of large PAHs strongly depends on

the mode of ring annellation and the topology of their π-
electron systems.21,22 From a theoretical viewpoint, the stability
of PAHs can be qualitatively estimated by the application of the
so-called Clar’s sextet rule, which predicts the aromaticity of a

benzenoid hydrocarbon on the basis of the maximum number
of sextets of electrons in a system.22,23 Thus, the stability of the
acenes can be improved by increasing the number of aromatic
Clar sextets.
One strategy is to annellate aromatic rings onto two

neighboring rings, creating two-dimensional (2-D) acene
analogues. Changing from a linear character of a condensed
array (peri-condensed) to angular geometries (cata-condensed)
results in at least two sextets, increasing the stability versus
linear analogues which have only one sextet (Figure 1).24 It
should be noted that compounds with armchair edges are
consistently found to have lower total energy and larger
resonance energy than isomers with zigzag edges.24 In
particular, these small, well-defined, 2-D compounds that
represent various fragments of graphene have large, planar π
surfaces that can provide increased intermolecular surface
overlap and effectively increase electron delocalization,
potentially leading to enhanced transport properties.3,25

This Account focuses on the recent progress in this class of
angular acene semiconductors and their applications in organic
transistors and organic solar cells. The compounds considered
here are modified by relatively bulky substituents, such as

Figure 1. Schematic of graphene fragments illustrating a linear octacene with one Clar sextet and its angular isomers with various Clar sextets.

Figure 2. Molecular structures of 2-D polycyclic aromatic hydrocarbons with alkylsilylacetylene substituents.
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alkylsilylacetylenes, at the peri-position (Figure 2). It has been
shown that this mode of substitution can avoid interrupting
π−π interactions while enhancing solubility and crystallinity,
which are critical for high-performance devices.5,6 In particular,
density functional theory (DFT) calculations and experimental
measurements have also shown that the bis-silylethynylation
makes the disubstituted acenes much more stable, in particular
with regard to oxidative degradation.26,27 We also discuss the
potential for Diels−Alder reactions between these compounds
with fullerene derivatives, which reduces their potential
applications in organic solar cells. Some molecules considered
here, while not ideal for fabricating solar cells, should serve as
model compounds for the development of large acenes that
avoid reacting with fullerenes. This Account also illustrates the
main features of the electronic structure of the 2-D PAHs and
highlights the parameters that play important roles in device
performance, such as crystal packing in the solid state.

2. MOLECULAR GEOMETRY AND ELECTRONIC
STRUCTURE

2.1. Synthesis

Two-dimensional acene analogues have received significant
attention as small molecular platforms to build up larger
graphene subunits since the early 1990s.28 Although “small
graphene-like” molecules can be solubilized by the lateral
attachment of flexible side chains, these side chains can disrupt
the solid-state packing and result in fewer reactive sites for
further functionalization. One prominent method for the
synthesis of 2-D, soluble acenes is the nucleophilic addition
of organometallic reagents with the corresponding quinones to
form the alcohol derivatives, which is followed by a reductive
aromatization to afford the desired products.4 However, there is
no efficient and general approach to condensed 2-D acene−
quinone systems. This is due to the fact that the most common
ring closures tend to proceed at the angular positions and
molecules often exhibit extremely low solubility.4 Although
photocyclization is a powerful tool to access these quinones,
this conventional route has been limited to only a few types of
classical compounds.29,30 We recently developed a new
approach to synthesize “bistetracene” quinone.31 The method
takes advantage of a Pd-catalyzed cross-coupling reaction
followed by an electrophilic aromatic substitution between
acyl groups formed from the diacids with the 4- and 8-positions
of naphthalene. The scope of this methodology can be

extended to access various acene quinones and their derivatives
by replacement of naphthalene derivatives with a wide range of
aromatic systems (Scheme 1).

2.2. Electronic Properties and Stability

As mentioned earlier, the nature of the frontier energy levels
and the molecular stability are among the most important
properties for organic devices.4−6 According to Clar’s sextet
rule, the shift from a linear acene to its angular analogue with
the same number of aromatic rings is uniformly accompanied
by a lower total energy and hence greater stability.32 For
instance, the IPs from cyclic voltammetry (CV) measurements
of linear silylethyne-substituted hexacene derivatives that
contain one sextet are on the order of 5.0 eV,33 whereas the
IPs of 4 and 5c, which also contain six benzene rings but benefit
from an additional sextet, are 5.4 eV.34 This is also reflected in
the absorption bands; the spectra of 4 and 5c are blue-shifted
by 0.83 eV compared to silylethyne-substituted hexacene.
Although molecules 1 and 2 each consist of eight benzene
rings, 1 contains two aromatic sextets while 2 has three sextets;
as a result, the energy of the S1 state of 2 is much larger than
that of 1.34 These examples emphasize once more the PAHs
exhibit extreme chemical stability with a high degree of angular
or zigzag annelation.4

Importantly, while the optical gap and ionization potential of
linear polyacenes rapidly decrease with the number of rings,
these evolutions occur at a much slower rate for the angular
analogues.32 In general, there is a ∼100 nm bathochromic shift
of the absorption maxima upon fusion of an additional aromatic
ring onto the linear acene core.6 In contrast, the UV absorption
band of angular acenes changes slowly with an increasing
number of rings; from 5c to 6a, there is a red-shift of only 145
nm (0.58 eV) following the fusion of two additional aromatic
rings onto the acene core of 5c. The IPs also decrease slowly
from 5.45 to 5.11 eV.34 By monitoring the absorption spectra of
6a and pentacene under identical conditions (in chloroform),
we found that 6a has a half-life of 4 days, which points to a
stability around 200 times larger than pentacene.31 These
results confirm that angular acenes are significantly more stable
toward oxygen and light because of their lower oxidation
potentials, which is critical for the development of stable
devices.

2.3. Diels−Alder Reactivity with Fullerene Derivatives

Another fundamental problem regarding the chemical stability
of PAH system is Diels−Alder (DA) reactions with fullerene

Scheme 1. Synthetic Approach to Soluble “Bisoligoacene” Derivatives
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derivatives, as linear acenes rapidly undergo DA reactions with
fullerene derivatives in solution to form mono- and bis-
adducts.4 For example, the CC bond on [60]fullerene (C60)
reacts with the central 6,13-carbons on pentacene and gives a
symmetric monoadduct. For 6,13-disubstituted pentacenes, C60
reacts with pentacene at 5,14- and 7,12-positions to form
mono- or bis-fullerene-pentacene adducts.35 These adducts lead
to ineffective photoinduced charge generation and separation.36

We have reported DFT calculations of the Diels−Alder (DA)
reactions of pentacene (PT), 6,13-bis(2-trimethylsilylethynyl)-
pentacene (TMS-PT), bistetracene (BT), and 8,17-bis(2-
trimethylsilylethynyl)bistetracene (TMS-BT) with the [6,6]
double bond of C60 (Table 1).

37 The introduction of the bulky
silylethynyl substituents does not have a significant effect on
reactivity, but influences the corresponding product stability
substantially. The DA reaction on site 3 of PT is favored both
kinetically, with the lowest barrier of 17.6 kcal/mol, and
thermodynamically, with the most exergonic product of −18.6
kcal/mol (Table 1). This is consistent with the experimental
result that the DA reaction of pentacene and fullerene occurs
rapidly across the central 6,13-carbons to form a symmetric
monoadduct.35 The addition of trimethylsilylethynyl groups at
the 6,13-positions lowers the activation free energy slightly, to
16.8 kcal/mol, and thus the DA reaction is still kinetically
favored. Our calculations predicted that the monoadduct across
site 3 should be observed under kinetically controlled reaction
conditions. However, the steric repulsion between the bulky
substituents and C60 significantly destabilizes the DA product as
compared to the unsubstituted PT. This repulsion manifests in
the longer (1.60 versus 1.58 Å, Figure 3) C−C bonds of the
product. Because of these effects, the DA reaction of TMS-PT
was predicted to be thermodynamically more favorable at site 2
in contrast to PT. These computational predictions (Figure 3)
were later validated by monitoring the reaction of TIPS-PT and
C60 via

1H NMR.37 The monoadduct on site 3 was formed in
the first 10 min at room temperature but disappeared after a
substantial reaction time (24 h in refluxing CS2), and then the
monoadduct across diene site 2 became the dominant product.

The activation free energies for the DA reactions of the four
diene sites of BT and TMS-BT are similar (Table 1). Site 2 has
the lowest barriers and is the only site with exergonic adduct
formation.
The effects of additional fused aromatic rings were assessed

through comparing the TMS-PT and TMS-BT systems. As
shown in Table 1, the lowest DA activation free energies for
TMS-PT and TMS-BT are 16.8 and 23.4 kcal/mol,
respectively. On the basis of the free energy difference of 6.6
kcal/mol, the rate of the DA reaction of [60]fullerene with
TMS-BT was predicted to be 70 000 times slower than that
with TMS-PT at 25 °C. This accounts for the experimental
observations.37 The reaction of TIPS-PT with [6,6]-phenyl-

Table 1. CPCM(CHCl3)-M06-2X/6-31G(d)//M06-2X/3-21G*-Computed Activation Free Energies (ΔGact, in kcal/mol) and
Reaction Free Energies (ΔGrxn, in kcal/mol) for the DA Reactions of the [6,6] Double Bond of C60 with Pentacene,
Bistetracene, and Their Trimethylsilylethynyl-Substituted Derivatives

Figure 3. Computed free energies and structures for the C60-TMS-PT
DA reactions.
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C61-butyric acid methyl ester (PCBM) proceeds within a few
minutes after mixture. In contrast, the reaction between TIPS-
BT and PCBM is much slower, with almost no observable
change in the first 36 h.
We also found that simple Hückel molecular orbital (HMO)

calculations can give semiquantitative predictions of adduct
stabilities. The localization energies (EL) of different diene sites
in a series of PAHs were computed with HMO. For the DA
reactions of seven reaction sites in PT and BT (Table 1), Figure
4 shows a good correlation of DFT reaction free energies versus

HMO localization energies. This indicates that the loss of
aromaticity mainly contributes to the reactivity of diene sites in
PAHs.
We have applied the HMO calculations to a wider range of

angular acenes (Figure 5), which could have better performance
in organic devices. The linear equation in Figure 4 indicates
that the HMO localization energy EL of 3.6 corresponds to a
reaction free energy of around 0 kcal/mol. Only reaction sites
with EL lower than 3.6 would be considered to be reactive in
DA reactions with fullerene. The EL values of various sites of 10
molecules are shown in Figure 5 with reactive sites (EL < 3.6)
marked in red. Based on the linear equation in Figure 4 and
their EL values, the reaction free energies can also be derived.

The reaction free energies were also calculated from DFT
methods to confirm this correlation. By comparing these two
sets of data, we found that the differences for 6 reactive sites are
in the range of 3.8 to −2.4 kcal/mol.37 Therefore, the simple
HMO method provides reliable estimations of the reactivities of
different diene sites in various PAHs for DA reactions with
fullerenes.

3. MOLECULAR GEOMETRY AND DEVICE
PERFORMANCE

3.1. Crystal Packing in the Solid State

The isotropic nature of some of the 2-D molecules has a large
effect on their crystal packing as energetically favorable π-
stacking is the main driving force in the crystallization of these
systems.38,39 Although it remains very difficult to predict the
packing arrangement of the PAHs as a function of different
geometric features and substituents, it is worth noting that
molecules which approximate a disk shape more easily form
one-dimensional, close-to-cofacial packing in the solid
state.38−40 Typical examples are compounds 1 and 4, which
have an aspect ratio (length versus width) close to 1: the
compounds crystallize with close-to-cofacial π−π packing
(Figure 6).34 When the compounds have a large aspect ratio,
the π−π interactions predominately occur along the long axis
(Figure 6A). It should also be noted that molecules with a small
aspect ratio, resulting in “zig-zag” edges as seen in compounds
2 and 3, can provide enough volume for the molecules to rotate
and reorient to form slipped π−π stacking; this results in a
decrease in π−π surface (spatial) overlap but not necessarily in
wave function overlap which is the key parameter with regard
to charge transport.41

Packing in the solid state can be further tailored by the
selection of the silylethynyl functional group. In comparing 6a,
which has a 1-D slipped stack packing with poor interstack
electronic coupling, to 6b, which packs more tightly due to the
attractive dispersive forces between the linear octyl chains, the
dimensionality of the electronic structure is effectively
increased, leading to enhanced transport properties.31 By
changing the substituents to smaller groups, the packing motifs
changed to a sandwich herringbone packing, or one-dimen-
sional π-stacked arrangements.42,43 The change in packing
motif with the size of the substituent is in accordance with the

Figure 4. Correlation between HMO localization energies EL and
DFT reaction free energies of DA reactions on seven reaction sites in
PT and BT.

Figure 5. Structures of angular acenes with large aspect ratios as potential high-performance organic semiconductors and their HMO 1,4-localization
energies (in units of −β).

Accounts of Chemical Research Article

dx.doi.org/10.1021/ar500278w | Acc. Chem. Res. 2015, 48, 500−509504



model developed for pentacene derivatives.5,6 Another
important consideration is the substitution position. When
the solubilizing groups are closer to the center of the PAHs, the
molecules exhibit an offset π−π stacking with more π surface
overlap. From 5c to 6a, with the addition of another benzene
ring on the periphery, the amount of π−π overlap along the
long axis significantly increased from 5.64 to 20.36 Å2.31,34

3.2. Transfer Integrals and Effective Masses

The rich physics associated with charge transport in organic
molecular semiconductors, such as acenes and their derivatives,
originates in the interplay between the strength of the
electronic couplings among adjacent molecules and the
strength of the electron−vibration (phonon) couplings.41,44

In the presence of minimal disorder (as in a single crystal), a
band regime of transport with delocalized charge carriers can be
achieved when the electron couplings are large (∼100 meV and
higher) and markedly greater than the electron−vibration
couplings (which, in the context of Marcus theory of electron
transfer, correspond to the combination of intramolecular and
intermolecular reorganization energies).44 Mobilities can then
be expected to be significantly larger than ∼1 cm2 V−1 s−1, and
charge-carrier effective masses become a relevant parameter to
describe transport.

For the PAHs shown in Figure 2, the calculated values of the
largest transfer integrals for holes range from 44 to 194 meV.
These values are larger than that estimated at a similar level of
theory for TIPS-pentacene, which has a hole transfer integral of
∼30 meV. In contrast, the values of transfer integrals for
electrons are in the range of 25−140 meV, smaller than the
value of 180 meV estimated for TIPS-pentacene.34 Although
compound 1 presents significant electronic coupling for both
holes and electrons, with values up to 200 meV, the 1-D stacks
are well separated by the TIPS groups, precluding electronic
interactions between adjacent stacks. The stacks in compound
4, 5c, and 6a are similarly isolated.31,34 Interestingly, in 6b, the
electronic coupling along the π−π stacks is characterized by
two transfer integrals due to the two translationally inequivalent
molecules in the unit cell. Additionally, unlike the case of 6a,
non-negligible electronic couplings were found between stacks
in 6b, 14 and 4 meV for holes and electrons, respectively.31

This highlights the importance of selecting appropriate side
groups to maximize the overall charge transport in organic
semiconductors. In a band regime, charge mobility is inversely
proportional to the effective mass of the charge carriers, and
small effective masses for holes and electrons are also found
along the π−π stacking direction, while the effective masses in
other directions are an order of magnitude larger. Particularly

Figure 6. Crystal evolution in one column with different molecular geometries. (A) From cofacial π−π stacking to slipped 1-D packing along the
long axis with increasing length of narrow molecules. (B) From cofacial π−π stacking slipped 1-D packing along short axis with increasing length of
wide molecules.
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small effective masses, from 0.69 to 1.07m0, are found for holes
in 5c, 6a, and 6b, which have larger aspect ratios.31,34 In the
systems with small aspect ratios, the effective masses of both
electrons and holes are roughly 2−3.0m0. For compound 4 with
close-to-cofacial π−π stacking, the effective mass for holes is as
large as 7.32m0, which again underlines the difference between
wave function overlap and spatial overlap.34

3.3. OFET Performance

The hole mobility in single crystals of acenes increases with the
number of aromatic rings, with Batlogg and co-workers
reporting values at room temperature going from 0.02 cm2

V−1 s−1 for anthracene to 0.4 cm2 V−1 s−1 for tetracene and 1.4
cm2 V−1 s−1 for pentacene.45 When the number of benzene
rings in acenes is more than five, such as hexacene, heptacene,
and beyond, the materials are generally not sufficiently stable to
be characterized in devices.9 One exception, reported in 2012,
is a single-crystal transistor of hexacene fabricated through a
physical vapor-transport (PVT) method from a monoketone
precursor by Watanabe et al.46 This crystal exhibits a hole
mobility up to 4.3 cm2 V−1 s−1. However, the performance still
gradually decays even under nitrogen atmosphere. Although
significant progress has been made in the development of
soluble higher acenes, their application for devices and
properties in the solid state are almost completely unexplored.
As highlighted earlier, the increased number of Clar sextets

present in 2-D PAHs results in significantly enhanced stability.
In fact, while the 2-D PAHs demonstrated drastically better
stability than linear acenes with a comparable number of
aromatic rings, it should be noted that 6a exhibited better
stability (about four times the half-life) than that of even TIPS-
pentacene under the same conditions.31 As a result, relatively
environmentally stable devices can be produced from these
molecules. The average mobility measured for 6b is ∼3.9 cm2

V−1 s−1, with a maximum mobility of 6.1 cm2 V−1 s−1 (Figure
7), which is higher than that of materials with similar 2-D
packing motifs such as TIPS-pentacene.5,6 The average
performance of 6a devices is 0.28 cm2 V−1 s−1 (best mobility
of 0.4 cm2 V−1 s−1), which is likely related to the decreased
interstack interactions. In a way similar to the decrease in
mobility between pentacene and tetracene, the hole mobility in
single-crystal transistors fabricated from 5c falls to 0.1 cm2 V−1

s−1,34 which is lower than that of 6a (Table 2).31

The aforementioned importance of interstack coupling is
even more crucial when considering devices based on thin films
of PAHs, as these contain high numbers of morphological

defects.41,44 An illustration of this phenomenon is observed
when comparing compounds 5a and 5c. The mobilities of
single-crystal transistors of 5c are 2 orders of magnitude larger
than that of thin films, which have mobilities on the order of
10−3 cm2 V−1 s−1.42 While 5a also has a crystal structure with 1-
D packing, mobilities in thin-film transistors are larger than 1
cm2 V−1 s−1, due to significant electronic interactions between
adjacent stacks, leading to highly crystalline film with large
crystal grains.43 Among the series, single-crystal transistors of
compound 4 show the lowest mobilities, on the order of
approximately 10−5 cm2 V−1 s−1; this low mobility can be
attributed to defects and, as discussed above, to poor electronic
interactions between different stacks.34 These results show that
2-D acenes with large aspect ratios and appropriate substituents
have the potential to provide 2-D packing with favorable
interstack electronic interactions, and correspondingly high
carrier mobilities.
3.4. Film Morphology and OPV Performance

Due to the high reactivity between acenes and fullerene
derivatives, the use of these compounds in bulk heterojunction
solar cells has been limited.36 In 2009, Winzenberg and co-
workers reported soluble chrysene derivatives as donors in
solution-processed solar cells.47 Devices fabricated from blends
of 5c and PCBM display an open-circuit voltage (VOC) of 0.83
V, short-circuit current (JSC) of 6.55 mA/cm

2, fill factor (FF) of
0.41, and power conversion efficiency (PCE) of 2.2%. This type
of material has been also successfully used in thermally
evaporated bilayer solar cells with C60 as acceptor, with the
best PCE on the order of 2.2% as well.48 Recently, compound 4

Figure 7. (A) Transfer characteristics in the saturated region of 6b and (B) device stability test over several months.

Table 2. Summary of the OFET Device Structure, Field-
Effect Mobilities (μ), Ion/Ioff Ratios, and Threshold Voltages
(VT) Based on 2-D PAHsa

compd device structure μ (cm2 V−1 s−1) Ion/Ioff VT (V) ref

3 TC/single crystal (4.5 ± 2) × 10−3 103 −5.0 34
4 TC/single crystal (2.5 ± 1) × 10−5 103 −10.0 34
5a TC/thin film 1.17 ± 0.12 106 43
5b BC/thin filmb 1.6 × 10−3 42
5c BC/thin filmb 1.0 × 10−3 42
5c TC/single crystal (7.5 ± 1) × 10−2 103 −2.8 34
6a BC/single crystal 0.28 ± 0.10 106 6.0 31
6b BC/single crystal 3.88 ± 1.40 107 −5.0 31

aTC = top contact, BC = bottom contact source and drain electrodes.
All devices measured in a bottom-gate geometry. bDevice statistics not
reported.
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was used as an electron donor to fabricate solution-processed
BHJ cells with PC61BM and a PCE of 1.1% was obtained.49

However, the devices based on the blend of 4:PC71BM
delivered better performance with a Voc of 0.83 V, Jsc of 5.41
mA cm−2, and fill factor of 0.41, leading to a PCE of ∼2%.
Although this class of molecules shows significantly enhanced
performance relative to the linear acenes due to the absence of
Diels−Alder reactions with fullerenes, there is still a strong
tendency to crystallize into well-defined large domains,
reducing the donor−acceptor interfacial area and leading to a
decrease in the photocurrent generating capacity of the blend
due to exciton recombination.50 Therefore, postdeposition
methods are required to control the morphology. Our studies
confirm that the processing solvents have a profound influence
on the morphology of BHJ blends based on our acene materials
(Figure 8).51 When a less volatile solvent such as
chlorobenzene is used, large crystalline domains are formed
(∼80 nm), exceeding the length scale suitable for BHJ solar
cells. In contrast, low boiling point solvents kinetically trap the
morphology at a smaller length scale (∼50 nm) that is more
favorable for charge separation. The thermal annealing process
enhances the crystallinity of the acenes and improves the purity
of PCBM domain, which likely lead to higher performance.
Although the power conversion efficiencies shown in initial

device studies lag behind that of oligomer and polymer
alternatives, these 2-D acenes show great potential with their
strong intermolecular interactions for charge delocalization,
high mobility, and good absorption. There is considerable room
for further optimization of the device morphology by
incorporation of different silylethynyl substituents and
alternative processing conditions, including the use of solvent
additives.

4. SUMMARY AND OUTLOOK
This Account summarized our recent efforts on chemically
stable 2-D angular PAHs and their modern use in organic
semiconductor-based devices. To improve chemical stability of
PAHs, it is imperative to increase the aromatic stabilization
energy of the core structure. This can be achieved by following
the Clar sextet concept. Chemical stability and electronic
structure determination of PAHs can be estimated by DFT

calculations. Molecular geometries with large aspect ratios can
provide dense crystal packing and large transfer integrals for
high-performance devices. Importantly, PAHs with 2-D fused
aromatic ring frameworks show greatly enhanced stability to
oxygen and photo-oxidation, and have decreased Diels−Alder
reactivity with fullerene derivatives. These molecules provide an
excellent basis for exploring the properties and applications of
larger acenes.
As the strategy used to create these molecules makes a

second dimension synthetically accessible, the development of
2-D angular acenes with large aspect ratios (Figure 5) can be
continued. Further systematic modification of the structure of
these materials to tune their absorption, band structure,
crystallinity, and electronic coupling will result in increased
device performance in photovoltaics and transistors. Further-
more, due to the increased solubility of the 2-D acenes, they
may find use as building blocks for low band gap copolymers.
Our group is working toward these goals, and we hope that this
Account encourages additional research exploring larger acenes
and their applications in organic devices.
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