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CONSPECTUS: Rylene dyes, made up of naphthalene units linked in peri-positions, are
emerging as promising key building blocks to create z-functional materials. Chemists
have found uses for these ribbonlike structures in a wide range of applications of
optoelectronic devices. Because their structure combines two sets of six-membered
electron-withdrawing dicarboxylic imide rings, rylene diimides exhibit enhanced
solubility, excellent chemical and thermal stabilities, high electron affinities, and
remarkable electron-transporting properties. Among them, perylene diimide (PDI) and
naphthalene diimide (NDI) derivatives are important representatives improving the
performance of electron-transporting technologies, relative to their p-channel counter-
parts.

Pioneering works by Miillen and Langhals have inspired chemists to extend the 7-
conjugation along the peri-positions of rylene diimides, which generally results in
impressive bathochromic shifts and a nearly linear increase in the extinction coeflicient. In
addition, in the past years, researchers have focused on s-expansion of NDI or PDI
systems through bay-functionalization with carbocyclic and heterocyclic rings annulated onto the skeleton. However, chemists
have rarely investigated lateral expansion via both bay- and nonbay-functionalization to construct homologous series of rylene
arrays with different electronic delocalization and fine-tuned flexible linkage. This is probably due to the lack of effective
procedures for the (multi) carbon—carbon formation and annulation of electron-deficient rylene imide units.

In this Account, we discuss our recent progress in the design and synthesis of laterally expanded rylene dyes based on
homocoupling and cross-coupling reactions of core-functionalized PDIs and NDIs to achieve novel high performance n-channel
organic semiconducting materials. These new achievements offer us opportunities to learn fundamental issues about how
chemical and physical properties alter with incremental changes in structure. We highlight synthetic methodology of transition-
metal mediated coupling reactions (and/or C—H transformation) for singly linked, doubly linked, and fully conjugated triply
linked oligoPDIs, and further for the construction of hybrid rylene arrays via bay- and/or nonbay-functionalization. In addition,
we summarize the informative correlations between the molecular structures and their optoelectronic properties, especially the
modulation of progressively red-shifted absorption maxima and positive shifts in the redox potentials. This decreases the energy
gaps and increases the electron-accepting abilities through expansion of z-system, which has direct impacts on the compounds’
potential applications in optoelectronic devices. Finally, we introduce the promising applications of these laterally expanded
rylene dyes as exceptional high performance n-channel semiconductors in organic field-effect transistors (OFETs) and
competitive candidates for non-fullerene acceptors in high efficient organic photovoltaic devices (OPVs).

1. INTRODUCTION

Organic semiconducting materials (OSCs) are key components

Nevertheless, n-channel counterparts with high mobility,
good processability and air-stability fulfilling for applicable
optoelectronics are still highly desirable, since they are essential
blocks for construction of organic p—n junction and
complementary logic circuits, also for developing highly
efficient electron-transporting transistors and OPVs.'® The

in next-generation optoelectronic devices.'" Their unique
features as structural versatility can be efficiently tuned by
chemical synthesis and functionalization to afford an exciting

library of 7-conjugated systems that meet the required criteria
for diverse applications.””> For instance, organic field-effect
transistors (OFETs) and photovoltaic devices (OPVs) have
been spurring increasing attention based on p- (hole-trans-
porting) and/or n-channel (electron-transporting) OSCs.*”
More encouragingly, significant advancement on both diversity
and high-performance for p-channel semiconductors has been
achieved to offer present hole mobilities comparable to
traditional silicon in OFETs and power conversion efficiencies
(PCEs) exceeding 10% in orvs.»’
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ideal high-performance n-channel OSCs should exhibit the
following set of properties: (i) effective packing arrangement
for favorable electron transporting; (ii) appropriate electron
affinity to facilitate electron injection in OFETSs or exciton
separation in OPVs; (iii) ambient stability with LUMO energy
levels for antioxidation in air; (iv) good processability for the
requirement of balancing of molecular packing and solubility in
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Figure 1. Chemical structures of rylenes (1), rylene diimides (2), oligo-PDI dyes (3), and laterally expanded rylene dyes (4).

rigid 7-conjugated systems. Although detailed studies by many
groups in the past years have brought steady progress in this
field, there still has been scarcity of such molecules synergisti-
cally integrated with synthetic availability to maximize their
performances.

Rylene dyes, made up of naphthalene units linked in peri-
positions, have attracted intensive attention in both theoretical
and synthetic chemistry due to their perfect graphene-ribbon-
like structures and attractive properties, since first reported by
E. Clar in 1948 (1, Figure 1)."" Two kinds of functionalization
positions are termed as peri-positions and lateral positions
including bay- and nonbay-regions, respectively. Particularly,
imide-functionalization endows rylene diimides enhanced
solubility, chemical and thermal stabilities, and, more
importantly, excellent electron-transporting characteristics.'>
Recent interest in these dyes focused on chemical modifications
both on the skeleton and at imide-positions. Perylene diimides
(PDIs) and naphthalene diimides (NDIs) are considered as the
most promising building blocks in the rylene family to close the
gap in electron-transporting performance in comparison to that
of their p-channel counterparts.'® The past decade witnessed an
effective core-enlargement of NDI or PDI system either at peri-
functionalization (7-extension along the long molecular axis) or
at bay-functionalization (7-expansion along the short molecular

axis), which offered a variety of desirable properties and flexible
tunability.'*'® In addition, Miillen et al. inspired a synthetic
approach to obtain homologous series of rylene diimides from
perylene to hexarylene diimides (2), which realized pro-
gressively red-shifted absorption to the NIR region,'® while the
“intense” dyes based on oligo-PDI dyes with remarkably high
absorptivity have been pioneered by Langhals and Jona (3)."
Despite all the progress in the chemical modification of rylene
dyes, developing an efficiently synthetic method for lateral
expansion via both bay- and nonbay-functionalization to
construct homologous series of rylene arrays still remains a
great challenge in organic and materials chemistry.

This Account highlights our recent progress in the design
and synthesis of laterally expanded rylene dyes based on
homocoupling and cross-coupling reactions of core-function-
alized PDIs and NDIs as well as their potential optoelectronic
applications. Our findings suggest that rylene dyes could be
harnessed to achieve effective lateral expansion by connecting
identical or two types of chromophores through rational
designing strategies. These new avenues for the fascinating
chemistry of highly s-expanded rylenes enrich the library of
electron-deficient molecular systems aiming at generating high-
performance n-channel OSCs with good ambient stability and
processability.
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2. SYNTHESIS OF LATERALLY EXPANDED RYLENE
ARRAYS

Homologous series of rylene arrays with a fine-tuned linked
nature are particularly exciting and interesting because they
could offer fundamental information about how chemical and
physical properties alter with incremental changes in structure.
Two synthetic strategies were proved to be successful for the
chemical modification and functionalization of rylenes.
Swallow-tail type solublizing substitutents were first imparted
at imide-positions by Langhals,'® while Seybold and Wagen-
blast at BASF first mastered the bay-region chemistry based on
halogenated PDIs through nucleophilic substitution."”
Although the successful introduction of halogen atoms also
motivated many endeavors to chemical transformations by
exercising various transition-metal catalyzed coupling reactions,
the homologous series of rylenes arrays remained largely an
unsolved issue. The fundamental obstacle to solving this
conundrum is the lack of a simple synthetic transformation
avoiding dehalogenation. We start our journey of laterally
expanded rylene arrays bearing different bay-linkages by
copper-mediated Ullmann-type homocoupling reactions.

2.1. Singly Linked OligoPDIs

Monobromo- and dibromo-substituted PDIs,*® which are key
intermediates for the synthesis of bay-region functionalized
derivatives, are suitable building blocks for the construction of
singly linked rylene arrays. The classical Ullmann coupling
reactions are copper-catalyzed reactions for aryl—aryl bond
formation,* and recent development has been achieved on the
modification of this type of reactions which are mostly
attributed to the utilization of some special ligands.”* We
found with a big surprise that when 1-BrPDIs (5) was stirred in
dry dimethyl sulfoxide (DMSO) with a stoichiometric amount
of nanosized copper powder, thus s-diPDIs (6) could be
obtained in high yield.**** While 1,7-2BrPDI (7) was chosen as
the starting material, well-defined singly linked oligoPDIs, from
dimer (6a), trimer (8), and higher oligomers (9) up to
octadecamer, could be achieved following the similar conditions
(Scheme 1).** It should be noted that when the reaction
temperature was lowered to 30 °C, s-2BroligoPDIs (10) with
reserved two bromine atoms could be found, which is very
important for subsequent C—C bond formation and lateral
position modification. We attributed this extremely straightfor-
ward successful homocoupling of brominated PDIs to the
activated effect of two strong electron-withdrawing imide
groups and better reactivity of nanosized copper powder.

2.2. Doubly Linked OligoPDIs

It would be certainly interesting to realize doubly linked PDI
arrays, in which the PDI units were directly bonded via two C—
C bonds, rather than in singly linked mode. For this purpose,
we envisaged that tetrahalogen-substituted PDIs, such as
1,6,7,12-4CIPDIs and 1,6,7,12-4BrPDIs, are served as perfect
building blocks. Accordingly, the homocoupling of 13
proceeded smoothly through copper-mediated Ullmann
coupling (or with Pd(PPh,), as the additive) to afford the
desired d-4CldiPDIs 14 bearing both aryl and aliphatic
chains.?>*® The higher oligomers (15 and 16) up to
tetradecamer could be detected by MALDI-TOF with reserving
four chlorine atoms at bay-regions for further functionalization
(Scheme 2).** Because of the tetraphenylene architecture
between PDI subunits, this kind of oligomer possessed highly
twisted and locked ladder-type structures with perpendicularly

Scheme 1. One-Pot Synthesis of Singly Linked OligoPDIs
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entangled PDI moieties, and thus expressed good solution
processabilities in common organic solvents. We also examined
the homocoupling of 1,12-dihalogenated PDIs (1,12-2XPDIs,
11)* with two halogen atoms in the same bay-region to afford
halogen-free dimers (12).*** Remarkably, the dimer (14a)
and trimer (15) were able to isolate pure enantiomers that
demonstrated stable chirality owing to the racemization
barriers, which was further proved by CD spectra being in
agreement with computed ones.”> The first successful
construction of chiral ladder-type PDIs arrays with extremely
twisted structures in PDI family is truly remarkable, which
renders promising candidates for applications in special
optoelectronic devices, enantioselective recognition, and chiral
supramolecules.

2.3. Triply Linked OligoPDIs

The successful development of singly and doubly linked
oligoPDIs provides an initial model for construction of laterally
expanded oligoPDIs by direct Ullmann C—C bonding via bay-
region functionalization. Whereas triply linked oligoPDIs have a
larger fully conjugated structure and more rigid skeleton, which
require more reactive positions and effective synthetic method
for multiple C—C bond formation involving nonbay-regions.
We initially used stoichiometric amount of Cul, L-proline, and
K,COj; as the reagents, to trigger the Ullmann homocoupling of
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Scheme 2. One-Pot Synthesis of Doubly Linked OligoPDIs
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13a. Fully conjugated triply linked diPDI (18a) without any
halogen atoms was successfully synthesized in moderate yield at
110 °C via the combination of Ullmann coupling and C—H
transformation, which represents the first step toward the
laterally expanded oligoPDIs via both bay-region and nonbay-
region functionalization (Scheme 3).”*

Importantly, we further found that the reaction temperature
has a pivotal influence on the retaining of chlorine atoms. For
example, t-4CIdiPDI (20a) was produced under the same
catalytic conditions at decreased temperature of 75 °C.*® In
addition, more halogenated derivatives (t-4BrdiPDI, 22 and t-
41diPD], 23) could also be obtained at relatively lower reaction
temperature.”® It should be noted that in the synthesis of t-
4XdiPDIs, monobay-dihalogenated diPDIs (19 or 21) could be
also prepared as byproducts.”” Starting from monobay-
dihalogenated PDIs (11), t-diPDIs (18) was generated
following the same conditions,** which provided an important
clue to the comprehension of copper-mediated coupling

mechanism. A plausible mechanism have been proposed that
the monobay-copper-chelated PDI complex acting as a key
intermediate initiates the synergetic reactions to afford either
tetrahalogenated t-diPDIs under basic conditions or monobay-
dihalogenated t-diPDIs when quenched with aqueous acid.”’
We also demonstrated a cost-effective protocol avoiding ligand
to afford t-4CIdiPDIs using CuCl, as the catalyst, tBuOK as the
base, and nBu,NI as the additive.*

The synthetic chemistry of t-diPDIs and the retaining
halogen atoms on the edges provide a feasible way to both the
next chemical modification at their bay-regions and the
construction of higher oligomers. Thus, a new family of highly
twisted systems (24) by doubly bonding linkage was obtained
via the combination of the structural features of almost planar
triply linked diPDI and deformationally doubly linked diPDI
unit.** We followed our synthetic strategies toward S-PDI*" to
develop 2S-diPDI and 2NPh-diPDI (25a and 25c) either by
Stille coupling or Buchwald-Hartwig reaction, respectively.>*
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Scheme 3. One-Pot Synthesis of Triply Linked DiPDIs
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Compared with extremely distorted structures of tetrahalo-
genated diPDIs, the introduction of steric congestion in
nonbay-regions and the concurrent formation of five-membered
heterocycles strain in bay-regions confirmed their extraordinary
doubly bowl-shaped structures by single-crystal structure
analysis. Another chalcogen-incorporated derivative, 2Se-
diPDI (25b) was synthesized by reacting t-4CldiPDI (20a)
and Na,Se in N,N-dimethylformamide (DMF), and a series of
monobay-functionalized N-diPDIs featuring ethyl benzoate
(PhCOOEt) (26a), triphenylamine (TPA) (26b), and Pd-
tetraphenylporphrin (PdTPP) (26¢), and diPDI-N(Flu)N-
diPDI (27) sandwiching a fluorene unit were prepared by
cross-coupling of t-2CIdiPDI (19) with corresponding amines
under Buchwald-Hartwig coupling conditions (Figure 2).*7**>*

Apart from dimers, t-triPDIs (28a, 29a) and/or other higher
oligoPDIs as the minor products as dark-green solids could be
observed in the mixtures in the course of homocoupling of
1,6,7,12-4CIPDIs. Likewise, 1,6,7,12-4BrPDI with four more
active bromine atoms easily further underwent the coupling

reaction at 110 °C and produced halogen-free t-triPDIs (28b,
29b).>* Accordingly, we utilized t-4CIdiPDI (20a) instead of
1,6,7,12-4CIPDI (13a) as the precursor and conducted the
coupling reaction at 110 °C under the catalytic system of Cu/
Pd(PPh,),; thus, t-4CltetraPDIs (30) could be obtained in
close to 10% vyields.’® Theoretically, there should be two
isomeric structures for trimers (Scheme 4), and three isomeric
structures for tetramers (Scheme S) due to the two possible
coupling sites. In fact, only two of them (30a and 30b) were
achieved primarily in this reaction for tetramers, probably due
to better stability for more symmetrical structures. It was
necessary to purify these isomers by cyclic high performance
liquid chromatography (HPLC) due to their big 7-conjugated
structures and similar polarity.

2.4. Hybrid Rylene Dyes

To avoid multiple isomeric structures of higher homologous
series, we designed and constructed hybrid rylene arrays by
lateral fusion of PDI or t-diPDI and NDI units via Stille-type
cross-coupling and C—H transformation (Scheme 6). NDI tin
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Figure 2. Functionalized derivatives based on t-diPDIs.

derivatives have been recently examined by the corresponding
brominated NDIs reacting with BuySn-SnBu; in Pd,(dba),/
P(o-tol);/toluene systems, suggesting important building
blocks for construction of hybrid rylene dyes.*”

Monobay-dichlorinated diPDI (11b) were initially chosen as
model substrates to react with 2-stannyl NDI (31) in the
presence of Pd(PPh,), and Cul as an additive. Fused hybrid
NDI-PDI (32) was successfully afforded accompanied by singly
linked byproduct (33).*® Encouraged by the success of this
annulation, readily available 1,6,7,12—4CIPDIs (13) were used
to check the scope of this method and find that a series of fully
conjugated NDI-PDI-NDI derivatives (34) could be obtained
in higher yields using only Pd(PPh,), as the catalyst.*® This
method has been employed to produce series of NDI-diPDI-
NDI (35) that further enriched the library of the z-expanded
rylenes.* Different substituents in imide positions of NDIs and
PDIs could be incorporated to tune self-assembly properties of
these hybrid dyes.

3. ELECTRICAL AND OPTICAL PROPERTIES OF
LATERALLY EXPANDED RYLENE ARRAYS

The design, synthesis, and characterization of laterally expanded
rylene arrays inspire the new development of promising
candidates in optoelectronic devices. Structurally, theses
molecular systems consist of well-recognized high performance
electron-transporting units, imbuing them with unique
electrical and optical properties that can be easily tuned via
rational and straightforward chemical modifications. The
expansion of #-system will induce a significant charge
delocalization, thus the resulting molecules will undergo a
bathochromic shift in the absorption maximum and a positive
shift in the redox potentials, indicating the decrease in the
energy gaps and the increase in electron-accepting abilities.

3.1. Bay-Linked Rylene Dimers

We first select four bay-linked rylene dimers (compounds 6a,
12a, 18a, and 32) for systematically investigation of their
optical, electrochemical, and equilibrium structures (Table 1).
Among them, singly and doubly linked dimers (6a and 12a)
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Scheme 4. One-Pot Synthesis of Triply Linked TriPDIs
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Scheme 6. One-Pot Synthesis of Hybrid Rylene Dyes
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Table 1. Photophysical Properties of Rylene Dimers
compds Aabs (nm) e (M em™) E; (V) Ey (V) E; (V) E, (V) Erumo (eV)° E; (eV) ref
NDI* 380 54243 -1.03 -1.51 —3.90 3.12 38
PDI® 527 80900 —0.96 -1.22 -391 2.30 23
6a 533 66200 —0.83 —0.98 —1.14 -1.25 —4.04 2.09 23
12a 531 91 600 —0.80 —0.96 -1.07 -1.22 —4.07 2.25 23
18a 684 87 000 —0.46 —0.73 —1.49 —1.66 —4.36 1.76 28
32 608 11778 —0.59 -092 -1.54 -1.78 —4.24 1.86 38

“N,N’-Di(n-octyl)naphthalene-1,4,5,8-tetracarboxylic acid diimide. bN,N’-Di(2,6-diisopropylphenyl)perylene-3,4,9,10-tetracarb0xylic

acid diimide.

“Estimated by the onset of reduction peaks and calculated according to Ejyyo = —(4.8 + Egpeer) €V.

show just a few nanometer red-shifts in the absorption maxima
relative to PDI, which may be a reflection of the relatively weak
electronic communication of two PDI units.>>* Moreover, s-
diPDI 6a possesses broadened absorption traces with a more
prominent red-shift of the absorption edge, which can be

accounted well for the flexibility of single linkage and different
exciton couplings of localized PDI transitions.”> The hybrid
dimer NDI-PDI (32) is significantly red-shifted,”® while the
triply linked dimer (18a) features the longest absorbance
maximum (684 nm), suggesting pronounced red-shifts of about
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157 nm regarding to PDI owing to full conjugation through the

23,28
molecular system.
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Figure 3. UV—vis absorption spectra of rylene dimers in chloroform:
NDI (dark yellow), PDI (black), s-diPDI 6a (red), d-diPDI 12a
(green), t-diPDI 18a (blue), and NDI-PDI 32 (magenta).

The first half-wave reduction potentials of these dimers
investigated in dichloromethane (vs Fc/Fc*) are more positive
than those of NDI and PDI, thereby suggesting the increased
electron affinities as a reflection of substantial electronic
coupling between the adjacent rylene units. The LUMO levels
are —4.04 eV for 6a, —4.07 eV for 12a, —4.36 eV for 18a, and
—4.24 eV for 32, respectively (Table 1). The largely depressed
LUMO levels indicate promising as air-stable electron-trans-
porting materials in OFETs and OPVs.

As important representatives, bay-linked molecules express
totally different equilibrium structures optimized by CAM-
B3LYP/6-31G* for their neutral forms, in which it possesses
either a flexibly twisted structure with ca. 70° angle between
PDI units for singly linked one, or a locked distorted
conformation with nearly perpendicularly entangled PDI
systems for doubly linked one, or a rigid and almost-planar
superstructure in triply linked species.”® Their structural
versatility and designability make them applicable with desired
properties in diverse optoelectronic devices.

3.2. Homologous Series of Rylene Arrays

The progressive homologation of bay-linked rylene arrays
allows us to finely modulate their structures and properties.
Examining the singly linked series, from PDI to s-diPDI (6a) to
s-triPDI (8), it is apparent that the single linkage produced

much broader absorption spectra and their absorption onsets
are gradually red-shifted upon the increase of PDI units.”> In
addition, the introduction of double linkage between the two
PDIs does not induce a significant red-shift in solution
absorption for both dimer (14a) and trimer (15), compared
with the monomer 1,6,7,12-4CIPDI (13a), which is attributed
to the limited conjugation by the central twisted eight-
membered rings.*®

In contrast, oligoPDIs with triple linkage revealed a
significant bathochromic shift throughout from whole visible
to the NIR region, and enhanced electron affinities. By
increasing the fused number, the longest absorbance peak
reached 684 nm for dimer (18a),>> 750 nm for linear trimer (t-
triPDI-2, 29b), and 805 nm for zigzag trimer (t-triPDI-1, 28b)
(Figure 4). Notably, the UV—vis spectral maxima of their zigzag
isomers are definitely bathochromically shifted by about 40—50
nm with respect to those of other isomers, demonstrating a
slightly more effective conjugation in zigzag structure. It can be
seen that the TDDFT-calculated absorption bands agree well
with the observed features in experimental spectra for further
assignment of zigzag and linear isomers.>®

Cyclic voltammograms disclosed that they displayed stronger
electron affinity and are capable of accepting two, four, six, and
up to eight electrons for PDI, t-diPD], t-triPDI, and t-tetraPDI,
respectively. The changes in reduction values from —0.96 V for
PDI, to —0.46 V for t-diPDI, to —0.30 V for t-triPDI-1, to
—0.18 V for t-4CltetraPDI-1 have proved remarkable enhance-
ment in the electron-accepting ability by such a bonding way.
Thus, the estimated LUMO levels of the series fall from —4.36
eV for dimer to —4.68 eV for tetramer, and more importantly,
these values versus the first reduction potentials shows good
linear relationship based on monomer PDI (Table 2). As one of
the biggest organic conjugated molecules, t-4CltetraPDIs
featuring 26 benzene rings and 8 imide groups in structure
showed the lowest LUMO level ever reported in the PDI
fa.rnily.36

With PDI and NDI as the references, the hybrid arrays NDI-
PDI (32) and NDI-PDI-NDI (34a) possessed absorption
maxima bathochromically shifted to about 610 nm,*® while
NDI-diPDI-NDI (35a) exhibited absorption maximum at 694
nm.*” The intensive absorptivity and bathochromic shift are
indicative of effective communication and charge delocalization
between rylene units. Furthermore, the LUMO levels below
—4.2 eV accommodates them for potentially air-stable electron-
transporting materials.
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Figure 4. (A) UV—vis absorption spectra in chloroform and (B) reductive cyclic voltammograms in CH,Cl, based on PD], t-diPDI (18a), t-triPDI-1

(28b), and t-4CltetraPDI-1 (30a).
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Table 2. Photophysical Properties of Triply Linked OligoPDIs

compds ds (om) B, (V) Ey (V) B (V)  En (V)  Eq (V)  Eq (V)  Ex(V)  Ewo (eV)*  E (eV)  ref
t-diPDI (18a) 684 -046  —073  —149  —1.66 -436 1.76 28
t-triPDI-1 (28b) 805 -030  -057  -ll14  -130  -180  —199 —4.54 147 35
t-triPDI-2 (29b) 750 -033  -060  -lLI2  -126  -180  —2.00 —451 1.59 35
t-4CltetraPDI-1 (30a) 853 -0.18  —042  -08  —092  -139  -185  —205 —4.68 139 36
t-4CltetraPDI-2 (30b) 813 -021  —048  —084  —096  -139  -18  -2.06 —4.65 145 36

“Estimated by the onset of reduction peaks and calculated according to Ejyyo = —(4.8 + E ) €V.

3.3. Functionalized Triply-Linked Rylene Dimers

The UV-vis spectra of tetrahalogenated t-diPDIs showed their
longest maxima at 656, 661, and 677 nm for t-4CldiPDI (20a),
t-4BrdiPDI (22), and t-41diPDI (23), respectively, which are
hypsochromically shifted relative to t-diPDI (18a, A, = 684
nm), originating from the 1ntr0duct10n of the electron-
withdrawing halogen atoms on the edges.”” The single crystal
analysis revealed differences in core twisting that the dihedral
angle (C14—C15—C16—C17) in t-4CldiPDI was determined
to be 34.06°, while it featured a larger torsion angle of 40.25°
(C4—C5—C6—C7) in t-4IdiPDI by the reason for larger
electrostatic repulsion and steric encumbrance of iodine groups.

Moreover, 2S-diPDI (25a, 4,,,, = 633 nm) and 2NPh-diPDI
(25¢, Amex = 670 nm) are significantly blue-shifted from that of
18a, agreeing well with hypsochromic effect by expanded
aromatic core along the short molecular axis. Both of them
exhibited extraordinary bowl-shaped structures, and the highest
local curvature of PDI bowls in 2S-diPDI was 2.9°, much lower
than 4.7° in 2NPh-diPD], indicating larger strain induced by
C—N bonds in 2pyrrole rings than that by C—S bonds in
thiophene rings.

4. LATERALLY EXPANDED RYLENES FOR HIGH
PERFORMANCE n-CHANNEL SEMICONDUCTORS

Various applications based on NDI and PDI molecules and
corresponding polymers have been achieved.'> As-investigated
laterally expanded rylene dimers are of great important for
several fundamental reasons: (i) representing defined molecular
topological models of z-electronic structures for both
experimental and theoretical researches; (ii) the expanded -
conjugation system for enhancement of molecular stacking and
thus favoring electron transport; (iii) depressed LUMO levels
by the combination of fused aromatic core and electron-
withdrawing imide groups to enhance air stability; (iv)
broadened absorbance with high molar extinction coeflicients;
and (v) tunable molecular self-assembly character by modifying
appended chain substituents to improve their solubility and
processability. These features allow us to efficiently screen
structural series with required properties for employing them in
optoelectronic devices.

4.1. Transistor Applications

Among these rylene dyes, those with triple linkage possessing
almost planar molecular structures and having low-lying LUMO
levels below —4.2 eV, implying promising candidates with
impressive n-channel semiconducting characteristics. We first
selected a family of triply linked derivatives substituted with
different various alkyl chains (t-4CldiPDIs), to examine their
performances in solution-processed thin-film transistors.
Among them, compound (20i) featuring n-octadecyl showed
a higher mobility of 0.14 cm* V™' s7' at the annealing
temperature of 160 °C and further demonstrated a maximum
mobility up to 0.7 cm? V™' s7.* Another molecule 20a with

bulky 2,6- dusopropylphenyl has been proved a mean mobility
of 0.03 cm* V™' s_ under atmosphere using Langmuir—
Schaeffer techmques In particular, single crystalline micro/
nanometer sized ribbons of molecule 20h were grown via
solvent vapor diffusion strategy from toluene/methanol
solution (Figure S). The electron mobility based on these
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Figure 5. Chemical structures of 20h (A), SEM image of micro/
nanobelts based on 20h (B), and the distribution of the mobility based
on these devices (C).

single crystalline transistors fabricated by “Au stripe mask”
method exceeded 1.0 cm® V™' s7' with the highest value
approaching 4.65 cm® V™' 57!, one of the highest values
reported for air-stable n-channel semiconductors, further
demonstrating a bright future of such an n-channel compound
in cost-effective organic transistors when combined with device
optimization. ©

Further, a preliminary electron mobility of 0.25 cm?® V™~
was obtained for the transistors based on the hybrid structure
(34b),*® and remarkable improvement on mobility up to 1.84
em® V7' 57" was achieved through a simple trace-spin-coated
technique. While the molecule 35c with the more expanded

structures showed a moderate mobility approaching 0.18 cm”
V—l —l 39

1—1

Very recently, we have elaborated an interesting work of
electrical performances based on highly twisted doubly linked
diPDIs (14b—14g) where the nearly perpendicularly entangled
structures are demonstrated to provide an exciting electron
mobility reaching 0.16 cm* V™' s™" for 14c. We also examined
24a and 24b for their electron-transporting properties, and thus
a comparable mobility of 0.048 cm” V™! s™! based on 24a film
transistors.”® In view of their resulting chirality, further
exploration on transport properties of pure enantiomers or
different ratios of mesomers will be a fascinating next project.
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Figure 6. Equilibrium structures (A), comparison of photovoltaic performances of three bay-linked diPDIs (B), and J—V curves based on 6¢ (C).

4.2. Photovoltaic Applications

PDI derivatives are promising alternatives serving as non-
fullerene electron acceptors in terms of their strong electron
affinities, tunable electronic structures and enhanced absorption
regarding to fullerene family. Progress has focused on small
molecules and polymers based on PDI monomer as electron
acceptors to produce moderate PCEs.*** Quite recently, we
have demonstrated arrays of solution-processed bulk hetero-
junction (BHJ) OPVs based on three kinds of bay-linked
diPDIs decorated by branched alkyl chains (Figure 6). The
resulting different degrees of twisting and flexibility in
molecular structures combined with introduced branched
chains are expected to reduce z-stacked aggregation and
modulate crystallinity for ultimately improving the PCEs.
Screening three dimers as the acceptor, we found that s-diPDI
(6d) showed better efficiencies higher than those of d- and t-
diPDI analogues (12b, 181) blending with a 2D conjugated
polymer (PBDTTT-C-T). The result agrees well with the
design concept that is traceable to tunable crystallinity and
interpenetrating nanostructures with favorable charge transport
and separation. Thus, alkyl modification on singly linked
molecules produced a much better gerformance of 3.63% for 6¢
by the use of the ternary solvent.”* Further improvement on
selecting another 2D conjugated polymer (PBDTBDD) with a
down-shifted HOMO level produced a PCE up to 4.39%.* By
combining molecular, interfacial, and device engineering, the
same acceptor demonstrated PCEs close to 6.0%, providing
valuable insights on designing novel non-fullerene materials for
efficient OPVs.*

4.3. Other Applications

Photocharge generation efficiency is crucial for the above
photovoltaic devices and other optoelectronic transistors. Based
on the triply linked dimer system, the detailed photo-
conductivity measurement has been carried out by the results

of significantly increasing of the internal photocurrent efficiency
based on innovative sensitizer t-4CldiPDI 20h with much
higher sensitivity compared to PCBM.*” Further studies
revealed that a dramatic enhancement of photoconductivity
by a factor 11 could be observed by incorporating a mixture of
polystyrene and the highly conductive N,N’-diphenyl-N,N’-
bis(3-methylphenyl)-[1,1’-biphenyl]-4,4'-diamine as the charge
transporting agent into a photorefractive device.”® The N-
diPDI (26a) and PEGylated derivatives are a promising
structural platform for the development of effective and
photostable photosensitizers for singlet oxygen generation
that has found far-reaching applications in a variety of fields.*®

Accordingly, due to the fast intramolecular electron transfer
(ET) progress by the strong driving forces on account of
donor—acceptor (D—A) electronic coupling and quite small
reorganization energy, the D—A structural N-diPDI systems
(26b or 26c) demonstrated their promise as candidates for
photosynthesis mimics.>* Moreover, triply linked systems are
being investigated on highly oriented pyrolytic graphite
(HOPG) toward controllable assembly and molecular adlayer
structures,” and the structure-dependent all-optical switching
based on these graphene-ribbon-like molecules has also been

explored.®
5. SUMMARY AND OUTLOOK

Rylene dyes could be harnessed to construct tailor-made
molecular arrays with precise lateral expansion. These
homologous series of rylenes with a fine-tuned linked nature
are particularly exciting and interesting, which provides an
impetus to develop fascinating chemistry and reveal informative
correlation between molecular structures and electro-optical
properties. Their unique features afford a promising library of
high performance n-channel organic semiconductors with good
ambient stability and processability that meet the required
criteria for diverse applications.
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