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ABSTRACT: It is very challenging to introduce azaborine into an electron- n
deficient arene system because of unfavorable intramolecular electrophilic
borylation reaction. In this report, we adopted a straightforward methodology to
construct a large BN-embedded 7-system based on perylene diimide (PDI), which S
is the first BN-annulation example with highly electron-withdrawing polycyclic '
aromatic hydrocarbons. The physical properties of the as-prepared N,N-
dicyclohexyl-1-aza-12-bora-benzoperylene diimide (PDI-1BN) have been fully
studied, and its sensing behavior to fluoride ion as well as its OLED performance

was also investigated.

B INTRODUCTION

In the past decades, significant progresses have been witnessed
in polycyclic aromatic hydrocarbons (PAHs) due to their
interesting physical properties and potential applications in
organic electronics.'™** Among all members of the PAH family,
perylene diimide (PDI) derivatives have been studied more
extensively'® because of their rigid planar backbones and
extended s-conjugation, which exhibit high charge-carrier
mobility, intense luminescence, extraordinary thermal and
photochemical stability, and unique self-assembly behaviors.'®
In addition, PDIs have been widely employed as promising
active elements in photovoltaic devices,'” ™" organic field effect
transistors (OFETs),”*">* and electrophotographic devices.”*
In order to further improve the properties of the PDIs,
developing core-extended PDIs has been strongly sought.”>~>*
Typically, incorporating main group elements into extended-
PDI frameworks has been extensively explored in the past
decade,®® ™ and a large number of PDI derivatives decorated
with diverse heterocycles such as sulfur-, thiophene-, and N-
heterocycles in the bay regions have been demonstrated.****

Recently, the replacement of the C=C bond with one
isoelectronic and isosteric B-N fragment in PAHs has been
demonstrated to display obvious different electronic properties
comparing with their all-carbon analogues.43_46 In addition, the
aromaticity of PAHSs can stabilize the BN unit and the planarity
of PAHs is enforced by this unsaturated ring system.*’~*
Especially, the different electronegativities between boron (B,

-4 ACS Publications  © 2014 American Chemical Society

196

|l ©

uv FL

T T T T T
500 600 700 800 900 1000

Wavelength / nm

T
300 400

2.0) and nitrogen elements (N, 3.0) in the BN unit have a big
contribution to the molecular frontier orbitals and intermo-
lecular interactions of PAHs.** Nakamura and co-workers
reported a BN-fused PAH, which exhibited higher intrinsic hole
mobility than its carbon-based analogue attributed to partial
localization of the frontier orbitals induced by BN substitution,
implying that BN-substituted aromatics might outperform their
carbon analogues in organic electronics.’® Nevertheless, all
current reports focus on BN-fused PAHs annulated with
electron-rich cyclic units.>'~>* The chemistry to fuse BN units
into the
challenging and unexplored. This gap strongly encourages us

frameworks of electron-deficient PAHs remains

to use PDI as an electron-deficient system to investigate the
chemistry and properties of as-prepared BN-fused materials.
Herein, we described the synthesis, characterization, and
physical properties of a novel polycyclic 22e aromatic
compound PDI-1BN consisting of azaborine and perlyene
diimide, which is the first example about BN-annulation with
highly electron-deficient PAHs. The as-prepared PDI-1BN not
only shows very good stability but also displays high selectivity
and sensitivity to fluoride ion. In addition, the OLED
performance of PDI-1BN is also investigated.
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Scheme 1. Synthetic Route of Compound PDI-1BN
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B RESULTS AND DISCUSSION

Synthesis and Characterization. Compound PDI-1BN
was prepared by reacting N,N-dicyclohexyl-(1-amino)perylene-
3,4,9,10-tetracarboxylic acid bisimide (PDI-NH,) with an
dichlorophenylborane in dry toluene for 24 h under refluxing
conditions using triethylamine as a base (Scheme 1).
Compound PDI-1BN was obtained in 81% yield as a deep
red solid after purification. The structure of compound PDI-
1BN has been fully characterized through nuclear magnetic
resonance ("H and 3C NMR), flourier transform infrared
spectroscopy (FT-IR), high-resolution mass spectroscopy
(HRMS), and thermogravimetric analysis (TGA) (see the
Supporting Information). As shown in Figure S1, 'H NMR
spectroscopy of compound PDI-1BN showed the characteristic
singlets at 9.43, 8.83, and 8.57 ppm corresponding to H,, Hy,
and H, protons, whereas *C NMR spectroscopy displayed the
characteristic peaks at 164.29, 163.97, 163.92, and 163.51 ppm,
which can be assigned to four carbonyl carbons (Figure S2)
(Supporting Information). PDI-1BN can dissolve in common
organic solvents such as dichloromethane, chloroform,
tetrahydrofuran (THF), and toluene, but shows poor solubility
in dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO). TGA revealed the decomposition temperature (5%
weight loss) as high as 402 °C for PDI-1BN (Figure SS,
Supporting Information). Such a remarkable thermal stability is
very promising for its future application in organic semi-
conductor devices.

The UV—vis absorption spectrum of compound PDI-1BN
was depicted in Figure 1. It exhibited a strong absorption
maximum at 529 nm and a shoulder of 494 nm, which was
bathochromically shifted by about 60 nm compared to its C=
C analogue.*® This red-shifted phenomenon can be explained
by the strong dipole moment of sp*type BN (1.84D) relative
to C=C (0D).* Meanwhile, strong yellowish-green fluo-
rescence with the emission wavelength at 540 nm was observed
after excitation at 493 nm, while the carbon—carbon analogue
emitted at 477 nm. The fluorescence quantum yield (0.81) in
chloroform solution was measured using fluorescein as standard
(®f = 0.85, 0.1 M NaOH),** which was higher than that of its
C=C analogue (@f = 0.77 in chloroform).** Clearly, the
introduction of BN into PDIs could maintain its molecular
rigidness but display dramatically different optical properties.

The electrochemical property was investigated using cyclic
voltammetry method (Figure 2). Compound PDI-1BN
underwent three chemically reversible reductive processes,
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Figure 1. UV—vis and fluorescence spectra of compound PDI-1BN
(10 M in CHCL,).
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Figure 2. Cyclic voltammetry (CV) curve of compound PDI-1BN.

suggesting that monoanionic, dianionic, and trianionic
derivatives may be accessible. The onset potential of the first
reduction wave was —1.17 eV, so the lowest unoccupied
molecular orbital (LUMO) energy level (E_yyo) was
determined to be —3.63 eV according to the equation of
Eiumo = —4.8 eV — E,;>** Since the LUMO of the B-N
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molecule (—3.63 eV) is between the PDI (—3.98 eV) and PDI-
NH, (—3.33 €V),>*"° we believe that BN units could be slightly
electron-rich and fusing a BN unit into PDI could slightly
increase the LUMO energy level. In fact, the B atom might give
relativelz less contributions to LUMO comparing with an NH
group.® < The band gap was estimated through optical
maximum absorption (529 nm, E, = 2.34 V), so the highest
occupied molecular orbital (HOMO) energy level (—5.97 eV)
could be calculated according to the empirical formula: Eyoy0
= Erymo— E, 5

Theoretical Calculation. To understand the electronic
structure of compound PDI-1BN, a theoretical investigation is
conducted through molecular simulation. The molecular
geometry of PDI-1BN in the ground state was fully optimized
using density functional theory (DFT) at the B3LYP/6-31G*
level, and the frontier molecular orbitals of PDI-1BN are shown
in Figure 3. Evidently, the LUMO orbital is more delocalized
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Figure 3. Wave functions for the HOMO and LUMO of PDI-1BN.

than the HOMO orbital. The B3LYP/6-31G* calculated
energies of HOMO, LUMO, and band gap are —5.84, —3.24,
and 2.60 eV, respectively, which are close to the experimental
results (—5.97, —3.63, 2.34 eV).”” Based on the B3LYP/6-
31G* optimized geometry, B3PW91 single-point energy
calculations were performed to obtain the energies of
HOMO, LUMO, and band gap, and the calculated results are
also reported in Table S1 (Supporting Information). The
absolute energies of HOMO and LUMO orbitals and the atom
coordinates of PDI-1BN in the ground state are also given in
Tables S2 and S3 (Supporting Information), respectively.
Fluoride Sensing Ability. The anion-sensing properties of
PDI-1BN were investigated upon adding 10 equiv of different
anions. Figure 4 shows the changes of the UV—vis spectra of
PDI-1BN (1 X 10~ M in chloroform). The inset shows the
corresponding color response of PDI-1BN with 12 different
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CHCl,;) observed upon addition of 10 equiv of different anions (TBA
salt).

anions (F~, CI7, Br~, I, SO,7, NO;~, CH,COO~, H,PO,",
CNT, BF,7, ClO,”, and PF;"). Specifically, PDI-1BN showed
no obvious response to all other anions except the fluoride
anion. Only the acetate ion shows a slight affinity to PDI-1BN
when more than 100 equiv of acetate anions was added.
Moreover, fluorescence quenching was also observed upon
adding 10 equiv of fluoride anions (Figure S). The dramatic
anion-specific response suggests that PDI-1BN is a highly
selective colorimetric sensor to fluoride anion.
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Figure S. Fluorescence density changes of compound PDI-1BN (10
#M in CHCl,) observed upon addition of 10 equiv of different anions
(TBA salt).

Upon the addition of Bu,NF (0—10.0 equiv), the intensity
bands at 494 and 529 nm steadily decreased, and at the
meanwhile, two new bands at 434 and 715 nm with two clear
isobestic points were observed (Figure 6). Furthermore, when
Bu,NF reached 3 equiv, significant fluorescence quenching
(~98%) was observed (Figure 7), which is attributed to the
high charge density of fluoride anion. For all other anions, only
smaller effects (<15% quenching) were observed even after the
concentration reached 1000 equiv, suggesting that compound
PDI-1BN presented a high sensitivity and selectivity for
fluoride ion over other anions. In particular, the response of
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Figure 6. UV—vis spectral changes of compound PDI-1BN (10 M in
CHCI,) observed upon addition of 0—10 equiv of TBAF in DMF.
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Figure 7. UV—vis spectral changes of compound PDI-1BN (10 M in
CHCI,) observed upon addition of 0—10 equiv of TBAF in DMF.

PDI-1BN to fluoride was very fast, normally within 1 sec. The
detection limitation was about 1.5 M under our experimental
conditions (Figure S6, Supporting Information).

To confirm the stoichiometry of the binding of the probe
PDI-1BN with fluoride, Job’s plots (continuous variation plots)
analysis was carried out. The absorbance variation at 715 nm
against the molar fraction of fluoride clearly showed the

maxima with a molar fraction of 0.66, indicating a 2:1
stoichiometry (Figure S7, Supporting Information). The
mechanism of the interaction between compound PDI-1BN
and fluoride was further studied by 'H NMR titration
experiments (Figure 8). Upon the addition of 2.0 equiv of
fluoride, the azaborazine NH proton completely vanished. Two
single peaks of 9.48 ppm (H,) and 8.64 ppm (H.) shifted to
high field of 8.67 and 8.07 ppm, respectively. This clearly
suggests that the deprotonation of the azaborazine NH proton
by fluoride leads to the obvious changes in absorption and
fluorescence.

OLED Devices. To investigate the performance of PDI-
IBN in OLEDs, we fabricated a series of OLEDs with
structures of ITO/MoQ; (2 nm)/TCTA (80 nm)/CBP: X wt
% PDI-1BN (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200
nm), where MoO; is the hole injection layer, TCTA is a hole
transporting layer, and TPBi is the electron transporting layer.
The weight ratios of PDI-1BN in CBP are 1, 5, 10, 15, and
100%, where 100% means the neat PDI-1BN layer. As shown
in Figure 9a, with the concentration of PDI-1BN increased
from 1% to 15%, the current density of the device shows some
increase as well, which can be explained by the increased
electron injection from TPBi into the EML due to the smaller
electron injection barrier from TPBi into PDI-1BN compared
with that of TPBi to CBP. For the neat PDI-1BN device, the
current density is even higher, which indicates that PDI-1BN
has better electron mobility than CBP. The inset of Figure 9a
shows the J—V curves in log-linear scale. As can be seen, the
voltages at which the current density increases drastically for all
the devices are around 3.0 eV, which predicts that these five
devices should have similar turn-on voltages for electron/hole
recombination. However, as shown in Figure 9b, the turn-on
voltages (at a luminance of 1 c¢d/m?) for all five devices are
quite different. The turn-on voltages are 3.5, 3.6, 3.7, and 3.8 V
for the devices with doping ratios of 1, S, 10, and 15%,
respectively, while, for the neat PDI-1BN device, the turn-on
voltage is around 6.8 V. In fact, this turn-on voltage cannot fully
reflect the electron/hole recombination process, as the
electron/hole recombination can happen at very low voltage,
but the conversion efficiency of excitons to photons can be
quite different.

In Figure 9¢c, as the doping ratio increases, the external
quantum efficiency (EQE) decreases gradually. The maximum
EQEs are 1.57, 1.19, 1.01, and 0.91% for the devices with the
doping ratios of 1, S, 10, and 15%, respectively. For the neat
PDI-1BN device, the EQE is even lower and its maximum EQE
is around 0.05%. The current efliciencies and power efficiencies
for these devices show similar behavior as EQE. Considering
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Figure 8. 'H NMR spectra of compound PDI-1BN in CDCl, in the absence and presence of 2.0 equiv of TBAF.
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Figure 9. (a) Current density—voltage curves, (b) luminance—voltage curves, (c) external quantum efficiency curves, (d) current efficiency curves,
(e) power efficiency curves, and (f) electroluminance spectra for the devices with PDI-1BN doping ratios of 1, S, 10, 15, and 100%.

the PLQY of PDI-1BN in solution, the EQE is lower than
expected (2%). The reduced EQE is due to the aggregation
induced quenching (AIQ) process, which can be supported by
the electroluminance spectra of these devices. As shown in
Figure 9f, the emission peak shows continuous red-shifts as the
doping ratio of PDI-1BN increases. The emission peaks are
616, 630, 636, 646, and 682 nm for the devices with doping
ratios of 1, 5, 10, 15, and 100%, respectively. Compared with
the PL peak (540 nm) of PDI-1BN solution, these EL peaks
indicate that PDI-1BN will strongly aggregate in the film state.

200

Also, the emission peak around 400 nm (Figure 9f), which
comes from the host, is another evidence of PDI-1BN
aggregation.

B CONCLUSION

In summary, a new robust azaborazine-annulated perylene
diimide (PDI-1BN) has been successfully synthesized through
one concise intramolecular electrophilic arene borylation
reaction. The as-prepared PDI-1BN has been fully charac-
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terized by conventional spectroscopy techniques. The HOMO
and LUMO energy levels obtained through DFT calculations
are close to the experimental CV values. Interestingly, PDI-
1BN can act as a highly sensitive and selective anion sensor for
the detection of fluoride in chloroform solution among 12
anions (F~, CI7, Br-, I, SO,7, NO;~, CH;COO~, H,PO,,
CN-, BF,, ClO,~, and PF;"), and the detection limitation
could be as low as 1.5 yM. In addition, the as-prepared PDI-
1BN has also been employed as an active element in OLEDs
devices. We believe that our result could provide guidance for
the design and synthesis of new azaborine-based polycyclic
aromatic hydrocarbons.

B EXPERIMENTAL SECTION

General Procedure. All synthetic precedures were performed
under an argon atmosphere using standard Schlenk techniques.
Dichloromethane, toluene, triethylamine, and dichloroethane were
distilled from CaH, under an argon atmosphere. Other solvents and
reactants were used without further purification. N,N-dicyclohexyl-(1-
amino)perylene-3,4,9,10-tetracarboxylic acid bisimide (PDI-NH,) was
synthesized according to a reported procedure with slight
modification.® 'H NMR spectra were taken on a 400 MHz
spectrometer, and chemical shifts () are reported in ppm, using
CDCl, (7.26 ppm) as an internal standard. *C NMR was recorded at
a 100 MHz spectrometer. Matrix assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectra were obtained on a TOF
mass spectrometer. Thermogravimetric analysis (TGA) was carried
out on a Thermogravimetric Analyzer at a heating rate of S °C/min up
to 700 °C.

Synthesis Protocols. Synthesis of N,N-Dicyclohexyl-(1-amino)-
perylene-3,4,9,10-tetracarboxylic Acid Diimide (PDI-NH,). N,N-
dicyclohexyl-(1-nitro)perylene-3,4,9,10-tetracarboxylic acid bisimide
(1.5 g, 2.5 mmol), THF (150 mL), and Pd/C (dry, 10%, 150 mg)
were added into a 250 mL two-neck flask, and degassed for 10 min by
purging argon. Hydrogen was introduced into the sealed reaction
system through a balloon, and the reaction was allowed to proceed at
room temperature for 3 days. Then, the reaction mixture was filtered
through a G4-sintered filter funnel and rinsed with THF until the
filtrate became transparent. After removing solvent, a small amount of
ethyl ether was added and the precipitate was filtered and dried in
vacuum. The as-prepared crude product was used directly for the next
step without further purification because of the instability of the amino
in the air.

Synthesis of N,N-Dicyclohexyl-1-aza-12-bora-benzoperylene-
3,4,9,10-tetracarboxylic Acid Diimide (PDI-1BN). Compound PDI-
NH, (100 mg, 0.175 mmol), toluene (20 mL), dichlorophenylborane
(Aldrich, 98%, 0.2 mL, 1.54 mmol), and triethylamine (0.5 mL) were
mixed in a Schlenk tube under an argon atmosphere. The resulted
mixture was refluxing for 24 h. After cooling to room temperature, the
solvent was removed and the mixture was purified by flash silica gel
chromatography using CH,CL/THF (200:1, V/V) as eluent, which
yielded compound PDI-1BN as a red solid (93.2 mg, 81%). mp > 300
°C. 'H NMR (400 MHz, CDCl,, § ppm) 9.43 (s, 1H), 8.83 (s, 1H),
8.69—8.62 (m, 3H), 8.57—8.55(m, 2H), 7.93—7.90 (m. 2H), 7.66—
7.60 (m, 3H,) 5.12—5.16 (m, 2H), 2.66—2.58 (m, 4H), 1.96—1.77 (m,
10H), 1.57—1.41 (m, 6H). *C NMR (100 MHz, CDCl;, § ppm)
1642, 1639, 163.9, 163.5, 138.6, 137.7, 135.9, 134.0, 133.9, 132.1,
130.4, 129.7, 129.2, 128.8, 127.8, 124.7, 124.7, 124.3, 124.11, 123.7,
1233, 123.1, 122.3, 121.5, 1212, 117.2, 54.4, 54.1, 292, 26.6, 26.6,
25.56 25.4. FT-IR (KBr, cm™'): 3461, 2931, 1670, 1655. HRMS: (M +
H)*, C,,H;BN;0, caled, 656.2721; found 656.2747.

Anion sensor study: Stock solutions (1.0 X 10> M) of compound
PDI-1BN were prepared in chloroform, and a stock solution of the
guest (1.0 X 1073 M) was prepared by dissolving F~, CI~, Br~, I",
SO, , NO,~, H,PO,”, PF", BE,, ClO,”, CN~, and Ac™ (as salt of
tetra-n-butylammonia) in N,N-dimethylamide (DMF). The general
procedure for the UV—vis and fluorescence sensor studies involved
making sequential additions of titrant (anionic guest) using pipettes to
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a 2 mL of the host stock solutions in the spectrometric cell. The value
of the stability constant for the complex was calculated by a nonlinear
curve fitness as the reported method.*

Cyclic Voltammetry (CV) Measurements. Electrochemistry was
carried out under argon at room temperature by employing glassy
carbon (diameter: 1.6 mm; area: 0.02 cm?) and two platinum wires as
working electrode, counter electrode, and reference electrode,
respectively. Tetrabutyl-ammonium hexafluorophosphate (0.1 M) in
dry dichloroethane was used as an electrolyte. The scanning rate is
0.05 V/s. The potential was externally calibrated against the ferrocene/
ferrocenium couple assuming HOMO of Fc/Fc* to be 4.88 eV, and
the potential of Fc/Fc* in our measured condition was 0.31 V.

Fluorescence Quantum Yield Measurements. All spectro-
scopic measurements of the compound PDI-1BN were performed in
chloroform using a cuvette with a 1 cm path length at 25 + 0.1 °C. For
each experiment, the slit width was 1.0 nm for both excitation and
emission. Fluorescence quantum yield measurements were performed
on a fluorometer and UV—vis instrument. The absorbance spectra
were measured within an maximum absorbance close to 0.05 (I = 10
cm). Relative quantum efficiency was obtained according to the
following equation

@ = CDstandard (Astandard /Asample)(P;ample/P;tandard)

sample
2 2
(nsample /nstandard )

where “©” is the quantum yield, “A” is the absorbance at the excited
wavelength, “F” is the integrated area under the emission curve, and
“n” is the refractive index of the solvent used (chloroform, 1.445;
water, 1.333). Fluorescein (®; = 0.85) in 0.1 M aqueous NaOH was
used as fluorescence standard, and the excited wavelength is 508 nm,
which is the intersection point of fluorescein and compound PDI-1BN
in low concentration.

Fabrication of OLED Devices. All devices were fabricated on
commercial ITO-coated glass substrates (1S Q/sq). The ITO
substrates were treated in order by ultrasonic bath sonication of
detergent, deionized water, acetone, and isopropanol, each with a 20
min interval. Then, the ITO substrates were dried with nitrogen gas
and baked in an oven at 80 °C for 30 min. After that, oxygen plasma
treatment was carried out in a plasma cleaner. Subsequently, the
substrates were transferred into a thermal evaporator, where the
organic, inorganic, and metal functional layers were grown layer by
layer at a base pressure of less than 4 X 10~ Pa. The evaporation rates
were monitored with several quartz crystal microbalances located
above the crucibles and thermal boats. For organic semiconductors
and metal oxides, the typical evaporation rates were about 0.1 nm/s,
whereas, for aluminum, the evaporation rate was about 1—5 nm/s. The
intersection of Al and ITO forms a 1 mm X 1 mm active device area.
J—V and L—V data were collected with a source meter and a calibrated
Si-photodetector with a customized Labview program. The electro-
luminance spectrum was measured with a spectrometer.
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