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ABSTRACT

Using a concise synthetic strategy, a series of novel ladder-type BN-embedded heteroacenes were successfully synthesized. Their molecular
skeletons render the versatile modification which is desirable for achieving unique physical properties. Organic light-emitting diode devices
based on BN-embedded heteroacenes were subsequently fabricated, demonstrating their promising application as blue emitters.

Owing to their outstanding electronic properties, acenes
are among themost promising organic semiconductors for
application in electronic devices such as organic field-effect
transistors (OFETs) and organic light-emitting diodes
(OLEDs).1 In particular, ladder-type acenes that feature
rigid planar backbones and extended π-conjugation ex-
hibit high charge-carrier mobility, intense luminescence,
and unique self-assembly behavior in solution and on the
surface.2 Incorporation of heteroatoms into ladder-type
acene backbones represents an efficient strategy for fine-
tuning the solid-state packing and optoelectronic proper-
ties of the molecules and can significantly improve the
environmental stability of the materials.3 For example,
dithienyl[a,h]anthracene (II) exhibits a significantly differ-
ent crystal packing from its all-carbon analog dibenz[a,h]-
anthracene (I), which most likely arises from the induced
S�S intermolecular interactions (Figure 1).
A large number of ladder-type heteroacenes that contain

different heteroatoms, such asN, S, Si, P, andB, have been

explored extensively during the past decade.5 Among
these, heteroacenes with more than five fused aromatic
rings remain the challenging synthetic targets and are
worthwhile exploring as models for heteroatom-doped
graphene6 and graphene nanoribbon, as well as for molec-
ular wire.7 Replacing a CdC moiety with an isoelectronic

Figure 1. Typical ladder-type acenes.4
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B�N fragment to build up a BN-embedded heteroacene
manifests some expected similarities in geometric structure
but substantially different electronic features with respect
to their all-carbon analogues.8 Apparently, the different
electronegativities between boron and nitrogen elements in
the B�N unit play a critical role in tuning the molecular
frontier orbitals and intermolecular interactions of hetero-
acenes.9 Nevertheless, there are only few reports on
BN-embedded heteroacenes,10 and to date, no ladder-type
example has been reported.
In this paper, we present a concise synthetic strategy

based on highly efficient cyclization of nitrogen-directed
aromatic borylation for the synthesis of a series of novel
ladder-type BN-embedded heteroacenes (1�3). The geo-
metric and electronic structures of these heteroacenes were
investigated systematically by X-ray crystallography,
optical spectroscopy, and cyclic voltammetry. Further-
more, the preliminary OLED-device fabrication based on
as-made heteroacenes is also demonstrated.

The targeted BN-embedded heteroacenes (1�3) were
synthesized as depicted in Scheme 1. At first, the key
intermediates of 2,5-bis-heterocycle-substituted phenylene-
diamines (5a�c, 6, 7) were prepared by Suzuki coupling of
2,5-dibromo-1,4-phenylenediamine (4) with the corre-
sponding furan- or thiophene-based boronic esters. Com-
pounds 5a�c and 6 were obtained as yellow microcrystals
in yields of around 60% after purification by column
chromatography. Owing to the poor solubility in common
organic solvents, compound 7 was obtained as a yellow
powder in a low yield of ∼12% after recrystallization.

Subsequently, upon treatment with an excess amount of
PhBCl2 (3.0 equiv) using triethylamine (6.0 equiv) as base
catalyst in o-dichlorobenzene under refluxing conditions
overnight, intermediates 5�7 were readily converted into
the ladder-type fused heteroacenes. After final purification
by silica gel column chromatography or direct precipita-
tion from the reaction systems, compounds 1a�c and 2

were obtained as yellow powders in high yields (65�85%),
and compound 3 was afforded as a brown powder with a
yield of 70%. The resulting heteroacenes exhibited good
chemical stability even after exposure in air for several
months.
All the new compounds were fully characterized by 1H

and 13C NMR spectroscopy as well as by high-resolution
mass spectrometry. Notably, the broad peak of the amino
group located at around 3.8 ppm in the 1H NMR spectra
(CDCl3) of intermediates 5b,c disappeared in the spectra of
target molecules 1b,c. In contrast, the pronounced chemi-
cal shift of protons in the nitrogen sites appeared at
about 7.9 ppm, which suggests the aromatic character of
BN-fused rings. These BN-embedded heteroacenes exhibit
good thermal stability with a weight loss of 5% at about
320�380 �C on the basis of thermal gravimetric analyses
(Figures S1�4, Supporting Information).

The chemical identities of compounds 1a and 1c were
further confirmed by X-ray crystallographic analysis
(Figure 2). The BN-fused heteroacenes show relatively
planar structures, as demonstrated by the largest dihedral
angles of 1.7� and 1.8� among the fused rings for 1a and 1c,
respectively. The two substituted phenyl groups deviate
from the plane of the azaborine rings by about 28� for 1a
and 23�27� for 1c. The B�N bond lengths are 1.415 and
1.413 Å� for 1a and 1c, respectively, within the range of
those for other azaborines, and show distinct double-bond
character.11 The crystals of 1a exhibit an edge-to-face
herringbone-packing pattern. The alternating π-stacked
columns are tilted at an angle of around 80�. In each of the

Scheme 1. Synthetic Routes of Ladder-Type BN-Embedded
Heteroacenes

Figure 2. Crystal structures and packing diagrams for 1a (left)
and 1c (right).
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π-stacked columns, the shortest distances of ∼3.4 Å� be-
tween the neighboring molecules manifest the significant
π�π stacking interactions. Compound 1c adopts slipped
stacking in a head-to-tail fashion (see Figure 2). The
shortest distance between the rigid backbones in parallel
neighboringmolecules is 3.8 Å� from theR-terminal carbon
atoms of the thiophene moieties, and thus, no apparent
face-to-face π�π stacking interactions are observed.

The absorption spectra of as-prepared BN-embedded
heteroacenes are presented in Figure 3a, and feature
vibronically split bands, indicative of their rigid conjugated
structures, in line with the crystallographic analyses. The
absorptionmaximum (λmax= 388 nm) of furan-ring fused
compound 2 exhibits a blue shift of at least 14 nm com-
pared with other thiophene-ring fused analogs (Table 1),
commonly attributed to their difference in electron delo-
calization.12 As a consequence of the terminal modifica-
tion of thiophene-ring moieties, compounds 1b, 1c, and 3

show quite similar absorption maxima. The relatively

enhanced intensity of the peaks in the high-energy regions
for compound 3 coincides with the extended aromatic
skeleton with the additional terminally fused benzene
rings. Interestingly, compared with the resulting BN-
embedded heteroacenes, the rich carbon analogues, such
as anthradithiophenes (II, Figure 1), display completely
different UV�vis absorption spectra profiles, with re-
markably blue-shifted absorption maxima at around
304�311 nm. Thereby, the incorporation of a BN unit
into an aromatic framework indeed creates a π-conjugated
system with different electronic structure, while maintain-
ing the geometric similarities of the original backbone on
the basis of crystallographic analysis.4b

The fluorescence spectra of BN-embedded heteroacenes
show good mirror images of their corresponding UV�vis
profiles (Figure 3b). The key data are summarized in
Table 1. Compounds 1�3 exhibit blue luminescence with
emission maxima from 393 to 418 nm, very close to those
of their all-carbon analogs. In contrast to the larger Stokes
shifts (more than 100 nm) of the all-carbon analogs, the
quite smaller values of 5�9 nm for the BN-embedded
heteroacenes substantially reveal that there are no remark-
able structural deformations upon excitation. The moder-
ate fluorescence quantum yields of compounds 1�3 (from
0.17 to 0.27) are comparable to those of other reported
BN-embedded heteroacenes. Notably, lower luminescent
quantum yields observed for the thiophene-based com-
pound 1a (ΦPL = 0.17) than those of the structurally
similar furan-based compound 2 (ΦPL = 0.26) probably
can be attributed to the stronger intermolecular interac-
tions (such as through S�S interactions) that can quench
the fluorescence to a large extent.12 In contrast, compound
3 exhibits the strongest fluorescence (ΦPL = 0.27) among
the four thiophene-fused molecules. This result is likely
attributed to the steric hindrance caused by the terminal
fused benzene rings of 3 that impede the free rotation of the
periphery substituted phenyl rings into a coplanar con-
formation with the heteroacene backbone, which may
hinder the intermolecular interaction in solution.
The electrochemical behavior of BN-embedded hetero-

acenes 1b and 1c was subsequently investigated by cyclic
voltammetry (CV) in CH2Cl2. The CVs of 1b and 1c both
reveal two successive irreversible oxidation processes (at
0.62 and 0.93 V, respectively) followed by unresolved
shoulder peaks, which probably originated from the ag-
gregates of the charged intermediates (Figure 3c).13 Ac-
cordingly, the HOMO energy level of �5.42 eV was
derived from the first oxidation potential (assuming Fc/
Fcþ at�4.8 eV), and the LUMOenergy level (at�2.47 eV)
was calculated based on the absorption edges (both at
420 nm). Owing to their poor solubilities, the CVs of other
BN-embedded heteroacenes 1a, 2 and 3 were measured in
THF solution (see the Supporting Information).
Next, we conducted density functional theory calcula-

tions (RB3LYP/6-31G(d) level) on the BN-embedded
heteroacenes 1�3 (see Supporting Information). All the

Figure 3. (a) Absorption spectra and (b) fluorescence spectra of
1�3 at 10�5 M in CH2Cl2. (c) Cyclic voltammograms of 1b and
1cmeasured in CH2Cl2 (0.1 mol/L of n-Bu4NPF6) at a scan rate
of 100 mV/s.

Table 1. Photophysical Data for BN-Embedded Molecules

UV�vis absorption fluorescence

compd λabs
a (nm) log ε λem (nm) ΦPL

b

1a 405 4.65 412 0.17

1b 411 4.77 418 0.19

1c 412 4.80 418 0.20

2 388 4.69 393 0.26

3 409 4.67 418 0.27

a In CH2Cl2 (10
�5 M). Only the longest λmax are given. bAbsolute

value.
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compounds show an almost flat backbone, with HOMOs
and LUMOs of similar shapes located over the entire rigid
framework, which demonstrate a fully π-conjugated sys-
tem (Figure S15, Supporting Information). For instance,
the steric hindrance of the terminal fused benzene rings in
compound 3 leads to pendant phenyl groups deviated from
the backbone plane by comparison with compound 1a

(Figure 4), which is in line with our previous fluo-
rescence analysis. The computational HOMO energy
levels of �5.37 and �5.48 eV for 1a and 3, are in good
agreement with the values of �5.44 and �5.56 eV
estimated from CVs, respectively (Table S1, Support-
ing Information).
Searching for organic materials with excellent blue-light

emission remains an essential task for developing high-
quality full-color displays and solid-state lighting applica-
tions.14 BN-containing heteroacenes have been suggested
as good blue-emitting fluorophores in some previous
reports.15 However, these molecules have not been inves-
tigated inOLEDsby far.Encouragedby the uniqueoptical
properties of BN-embedded heteroacenes for com-
pounds 1b and c described above, we fabricated OLED
devices with the sandwich configuration of ITO/NPB

(50 nm)/X = MADN:1b (3%) (I), 1b (II), MADN:1c
(3%) (III), 1c (IV) (30 nm)/TPBI (30 nm)/LiF (1 nm)/Al
(100 nm), where NPB, X, and Alq3 are used as hole-
transporting, light-emitting, and electron-transporting
layers, respectively (see Supporting Information, Figures
S16�20). The initial device performances are summarized
in Table 2. When doped with only 3% MADN, the
resulting devices I and III show remarkably improved
color purity with increased luminescence (Lmax) and max-
imum external quantum efficiencies (ηex.) relative to the
undoped devices II and IV. The electroluminescent per-
formances of such blueOLEDdevices (ηext= 1.3 for I and
ηext = 1.4 for III) are comparable to those of devices
fabricated on the basis of heteroatom (e.g., B and S)
containing π-conjugated molecules.16

In summary, a series of novel ladder-type BN-embedded
heteroacenes were synthesized efficiently via a concise
synthetic strategy, which could be multifunctionalized
for diverse physical properties on account of their unique
molecular skeletons. For the first time, the blue OLED
devices based on BN-embedded heteroacenes were fabri-
cated, highlighting the potential of BN-fused molecules in
organic electronics.
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Table 2. EL Device Performancea

Von (V) Lmax (cd m�2) ηc (cd A�1) ηp (lm W�1) λmax (nm) ηext (%) CIE (x,y)

I 3.8 6510 1.80 0.99 458 1.3 0.16,0.16

II 3.4 5159 2.02 1.17 496 0.9 0.17,0.39

III 3.8 6416 1.70 1.00 458 1.4 0.16,0.17

IV 3.2 5077 1.39 0.85 496 0.6 0.18,0.38

aAbbreviations: Von , voltage required for 1 cd m�2; ηc, maximum current efficiency; ηp, maximum power efficiency; ηext, maximum external
quantum efficiency.

Figure 4. Calculated molecular orbitals of compounds 1 and 3.
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