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Near-Infrared-Emissive Amphiphilic BODIPY Assemblies
Manipulated by Charge-Transfer Interaction: From Nanofibers to

Nanorods and Nanodisks

Jia-Fu Yin,”®' Yi Hu,' Huan Wang,” Zhong Jin,"¥ Yi Zhang,™ and Gui-Chao Kuang*®

/Abstract: A novel near-infrared (NIR)-emissive amphiphilic
BODIPY derivative, BBDP, was successfully prepared and
thoroughly characterized. The photophysical properties in
various organic solvents and THF/H,O mixtures with differ-
ent fractions of water were investigated. BBDP self-assem-
bled into nanofibers in a water environment owing to its
amphiphilic properties. Through charge-transfer interactions,
BBDP co-assembled with a perylene bisimide derivative, PBI,

-

and a viologen derivative, MV, to generate two superamphi-
philes. These two superamphiphiles were able to aggregate
in water media at appropriate concentrations. The BBDP-PBI
charge-transfer complex formed nanorods, whereas the
BBDP-MV aggregates expressed a disk-like morphology. This
research paves the way for us to manipulate the morpholo-
gy of dye assemblies.

/

Introduction

Amphiphilic aggregates with well-defined architectures have
drawn considerable attention in the past decades because of
their potential application in nanotechnology, biochemistry,
and materials science."® Among them, near-infrared (NIR)-
emitting dye assemblies play an important role in the fields of
nanomaterials and biomedicine.”"™ Boron-dipyrromethene
(BODIPY) derivatives are important dye molecules because of
their excellent fluorescent properties with high quantum yields
and outstanding light stability.>'” Furthermore, structural
modification to BODIPY dyes can significantly alter their photo-
physical properties. NIR-emissive BODIPY derivatives can be
achieved by extensive aromatic ring fusion or by aza-nitrogen
introduction at the meso position."®2*) Amphiphilic BODIPY de-
rivatives with a hydrophobic planar aromatic ring and hydro-
philic parts have the potential to aggregate in aqueous solu-
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tions, which results in the formation of versatile topological
structures such as nanowires, nanotubes, nanoribbons, and so
on.?3% These sophisticated topological morphologies are
commonly attributed to the complicated molecular structures.
However, few studies report tuning of amphiphilic NIR-emis-
sive BODIPY derivative self-assemblies by noncovalent driving
forces.

A charge-transfer interaction is a typical type of noncovalent
force that occurs between electron-rich molecule and electron-
poor molecule.”'* Superamphiphiles induced by charge-
transfer interactions can be obtained by simply mixing the
donors with the acceptors in a solvent.”® In this regard, this
strategy has an advantage in that complicated and tedious
synthesis procedures can be avoided. Since Kim et al. intro-
duced the concept of a host-stabilized charge-transfer self-as-
sembly,®” significant progresses have been made by Zhang
and co-workers in the field of superamphiphile charge-transfer
assemblies. Versatile nanostructures have been realized by the
rational design of intermolecular charge-transfer interac-
tions.”#*1 On the other hand, functional and responsive parts
can be integrated into the target molecules by charge-transfer
interactions, so that novel assemblies with definite and distinct
shapes and functional groups can be obtained.*” Owing to
the rapid expansion of biomaterials and medicinal chemistry,
an increasing number of NIR-emissive materials are urgently
needed. We are particularly engrossed in utilizing the charge-
transfer strategy to construct various nanoscopic architectures
with NIR amphiphilic molecules.

To address the abovementioned consideration, a novel NIR-
emissive BODIPY derivative, BBDP, was constructed. To realize
the NIR emission, two pyrene units were attached to the
BODIPY core to extend the conjugated architecture. Three oli-
go(ethylene glycol) (OEG) chains were introduced as hydrophil-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/asia.201701323
����<?up><?tic=Keine><?tvs=-9dd><?trubyboff=-2h><?trubybth=1h><?ruby=1><?trubyfmt=1><?rt=1><?tdw=32mm><?th=35dd>H<?rt><?ruby><?down>���<?tvs=-0.7mm><$>\vskip-0.1mm\raster(25truemm,p)=

C:

Editorial Society

ic parts. This amphiphilic BODIPY derivative possessing both
hydrophobic and hydrophilic units was able to self-assemble in
aqueous solution. Pyrene moieties are typical electron-rich
units that behave as electron donors to provide electrons to
electron acceptors. Perylene bisimide derivatives (e.g., PBI) and
viologen derivatives (e.g., MV) are well-reported electron-poor
molecules in charge-transfer systems.®" We hope to obtain
two co-assembly complexes between BBDP and the above two
acceptors by using charge-transfer interactions. Then, the ob-
tained charge-transfer complexes could be assembled in water
media to display distinct morphologies.

Results and Discussion
Photophysical properties and aggregation behavior of BBDP

BBDP was prepared according to the synthesis route outlined
in Scheme 1. Formyl-modified OEG dendrons 1 followed a clas-
sic synthetic pathway to BODIPY derivatives to afford target
molecule 2. Then, compound 2 underwent a Knoevenagel
reaction with 1-pyrenecarboxaldehyde to generate the final
BBDP product.”® PBI and MV were obtained according to the
literature.***”! More details about the synthesis processes and
characterization data are described in the Experiment Section.

The photophysical properties of BBDP in various organic sol-
vents were investigated by UV/Vis and fluorescence (FL) spec-
troscopy (Figure 1). As for the UV/Vis spectra, the absorption
band located between 1=680 and 710 nm and the shoulder
at approximately =650 nm were assigned to the S0-S1 tran-
sition of the delocalized m-conjugated core and vibrational
structure, respectively. The emission band of BBDP was located
in the NIR range on account of the extensive conjugated
pyrene-BODIPY architecture. Besides, BBDP showed small
Stokes shifts in various solvents (less than A1=30 nm), which
indicated that there were weak intramolecular donor-acceptor
interactions in the ground state.” More information about the
photophysical data of BBDP are summarized in Table S1 (Sup-
porting Information).

Owing to its classic amphiphilic characteristics, BBDP could
self-assemble into NIR-emissive supramolecular aggregates in
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Figure 1. Normalized absorption and emission spectra of BBDP in different
solvents (c=10 pum). ACN =acetonitrile, DCM = dichloromethane.

aqueous solution because of hydrophobic interaction and -t
stacking interaction driving forces. UV/Vis and FL spectroscopy
were employed to trace the aggregation behavior of BBDP in
THF/H,O mixtures with different fractions of water. The absorp-
tion intensity decreased sharply, and this was accompanied by
a hypsochromic shift in the absorption wavelength if the frac-
tion of water reached 80% (Figure 2a). At the same time, the
fluorescent emission decreased gradually and was fully
quenched after the further addition of water (Figure 2b). The
fluorescence quenching effect was assigned to strong m-m
stacking interactions of the bent-shaped rod building blocks
and to the existence of hydrophobic interactions during the
formation of the nanoaggregates.’®*¥ The above evidence was
sufficient to prove that the BBDP molecules form H-type ag-
gregates in THF/H,0 mixtures.”®*” Besides, light opalescence
and a marked Tyndall effect were observed in THF/H,0 mix-
tures, which could further demonstrate the formation of nano-
aggregates (Figure 2¢). The dynamic light scattering (DLS) re-
sults revealed that the hydrodynamic diameters of the BBDP
aggregates were not related to the concentration. The average
size was calculated to be 1.2 um (Figure S7).

Scanning electron microscopy (SEM) experiments were per-
formed to investigate the morphologies of the BBDP supra-
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Scheme 1. a) Procedure for the synthesis of BBDP; b) structures of PBI and MV studied in the present work.
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Figure 2. a) UV/Vis and b) fluorescence spectra of BBDP with different water fractions in THF/H,O (c=10 um); c) Tyndall effect of BBDP assemblies in THF/H,0

(c=10 pm).

molecular assemblies in aqueous solution (Figure 3a-c). Inter-
estingly, a great deal of wire-like nanostructures were observed
for the aggregates in water media. In addition, these nanofib-
ers possessed relatively high length/diameter ratios. The
length of the nanofibers was up to several micrometers, and
the diameter of the nanoassemblies was approximately several
dozens of nanometers. An atomic force microscopy (AFM)
image also revealed the existence of nanofibers on the mica
surface (Figure 3d). AFM image analysis was applied to collect
the height information of the obtained nanofibers. As shown
in Figure 3¢, the height of these nanofibers was measured to
be approximately 40 nm, whereas the diameter of the nano-
wires was approximately 100 nm (Figure 3 e). To investigate the
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Figure 3. a-c) SEM images with different magnifications of BBDP aggregates
in aqueous solution (c=6 um); d) AFM morphology image of BBDP aggre-
gates in aqueous solution (c=4 pm); e) section analysis of the nanoaggre-
gates.
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mechanism for the formation of the nanofiber morphology, we
speculated that the hydrophilic OEG chains were exposed to
highly polar water, whereas the planar hydrophobic moieties
preferred to form H-type assemblies to minimize the free
energy. In this way, the nanoaggregates presented a fiber-like
morphology. Fluorescent microscopy images also revealed the
existence of wire-like structures. Owing to the NIR properties
of the BBDP aggregates, NIR-emissive nanofibers could be ob-
tained from the fluorescent microscopy images (Figure S10).

Charge-transfer interactions and aggregate morphology

NIR-emissive BBDP possesses the potential to co-assemble
with electron-poor molecules by charge-transfer interaction as
a result of the existence of the pyrene moieties. We noticed
that the charge-transfer strategy might be a feasible way to
manipulate the nanostructures of the NIR aggregates with
high efficiency. In this regard, PBI and MV were selected as
electron-deficient acceptor molecules, whereas BBDP behaved
as an electron-rich donor molecule. As is well known, pyrene
units can initially assemble with viologen or perylene bisimide
groups with a molar ratio of 1:1 to form supramolecular com-
plexes driven by charge-transfer interactions.®"323*4% Consid-
ering that MV has stronger electron-withdrawing ability than
PBI, we wondered whether any morphology variation would
be achieved by adding different acceptor molecules.

The co-assembly behavior between BBDP and MV was inves-
tigated by 'H NMR spectroscopy. The signals between =89
and 7.9 ppm were all ascribed to the pyrene units, whereas
the resonances at 0 =7.46 and 7.14 ppm were ascribed to the
protons on the pyrrole rings of BBDP. After the addition of MV,
a dramatic upfield shift in the signals in the low-field region
was observed. As shown in Figure 4a, the resonances of the
protons on BBDP and MV (molar ratio of 1:2) showed upfield
shifts owing to the formation of a charge-transfer complex.
This phenomenon may be attributed to ring-current shielding
effects induced by strong m—m interactions between BBDP and
MV. This result is consistent with previous reports by other re-
searchers.??3%% The "H NMR spectrum of the BBDP-PBI com-
plex was obtained in CDCl; solvent (Figure S1). The chemical
shifts of the supramolecular complex follow the same trend in
that the signals in the aromatic region are upfield shifted.
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Figure 4. a) "H NMR spectra of BBDP (c=2 mwm), the BBDP-MV (molar ratio = 1:2, Cgzpp =2 mM) co-assembly complex, and MV (c=2 mm) in [DgITHF/D,0. b) 2D
'H NMR NOESY spectrum of the BBDP-MV (molar ratio = 1:2, Cggpp =2 mm) complex in [DgITHF/D,0 (5:1, v/v).
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Thus, the "H NMR spectroscopy data provided direct evidence
for the formation of charge-transfer complexes.

Nuclear Overhauser effect spectroscopy (NOESY) was exploit-
ed to elaborate the structure of the charge-transfer complex
further. The distance between the donor and acceptor mole-
cules would be shortened to less than 5 A by the charge-trans-
fer interaction.’? Therefore, NOE signals could be observed
upon the formation of the charge-transfer complex. The 2D
'"HNMR NOESY spectrum of the BBDP-PBI complex (molar
ratio of 1:2) in CDCl; was collected. As shown in Figure S2, cor-
relations between the protons of BBDP and PBI were observed,
which is indicative of the formation of the supramolecular
complex. MV is an electron-deficient group that has higher
electron-withdrawing capacity than PBI. Upon mixing MV with
BBDP in a molar ratio of 2:1 in [Dg]THF/D,0, much stronger
correlations were detected and more correlation spots were
found in the 2D 'H NMR spectrum (Figure 4b). This effect was
mainly associated to change in the electron-withdrawing abili-
ty. UV/Vis and FL spectrometry were employed to obtain more
photophysical information on the two charge-transfer com-
plexes (Figures S3 and S4). Beyond our expectations, little
change in the absorption spectra occurred, and the emission
intensity of the obtained charge-transfer complex only showed
a faint decrease. We propose that the BODIPY derivatives are
stable fluorescent materials that obtain the capacity to with-
stand external factors. Hence, two novel charge-transfer com-
plexes with NIR emission were realized by utilizing the charge-
transfer strategy.

By utilizing photophysical methods, the aggregation behav-
ior of the above two charge-transfer systems could be ob-
served directly in a water environment. As for the BBDP-MV
charge-transfer complex, the absorption band at approximately
A=700 nm decreased in intensity upon increasing the water
fraction (Figure S5). Moreover, the absorption intensity de-
creased dramatically, which was accompanied by a A1=40 nm
hypsochromic shift if the water ratio reached 80%. During the
aggregation procedure, the emission intensity suffered a sharp
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decrease and was fully quenched in the end. Hence, it could
be seen that the BBDP-MV complex formed H-type aggregates
in aqueous media. By integrating with the PBI molecules
through the charge-transfer noncovalent interaction, the
BBDP-PBI complex possessed a higher hydrophobic ratio than
BBDP alone. Thus, the BBDP-PBI complex might be more in-
clined to assemble at the same concentration. As shown in Fig-
ure S6, the absorption intensity began to drop upon the initial
addition of water to the system. When the water fraction
reached 70%, the absorption intensity decreased to almost
half of the original intensity. Both the absorption and emission
bands expressed marked bathochromic shifts, whereas the flu-
orescent emission was quenched after the addition of water.
We speculate that H-type and J-type aggregation cooperate
with each other in the system. The formation of nanoparticles
was further confirmed by DLS measurements. The hydrody-
namic diameter of the BBDP-MV (cggpp =6 M) aggregates was
calculated to be 250 nm with a relatively low polydispersity
index (PDI=0.243) (Figure S8). The BBDP-PBI (Cggpp =6 M) as-
semblies possessed a much larger aggregation size of approxi-
mately 667 nm (PDI=0.212) (Figure S9). Furthermore, the hy-
drodynamic diameters of the BBDP-PBI aggregates were
founded to increase upon increasing the concentration. How-
ever, the aggregate size showed little dependence on the con-
centration for the BBDP-MV system.

Considering the amphiphilic nature of the two as-prepared
charge-transfer complexes, we speculate that novel NIR nano-
aggregates can be realized in aqueous media. In an effort to
elucidate the architecture of the resulting nanoassembly, SEM
and AFM imaging were performed at multiple locations across
the samples. As we expected, the BBDP-PBI superamphiphile
self-assembly displays a typical nanorod suprastructure, as
seen by SEM (Figure 5a,b). These nanorods have an external
diameter of approximately 50 nm and are up to more than
1 pum in length. AFM characterization also demonstrates the
formation of rod-like structures, which is consistent with the
SEM results (Figure 5¢). This observation should be attributed
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Figure 5. a,b) SEM images and c,d) AFM images with individual heights of the BBDP-PBI nanoaggregates (molar ratio =1:2, cggpp =06 um) in THF/H,0; e,f) SEM
images and g,h) AFM images with individual heights of the BBDP-MV nanoaggregates (molar ratio = 1:2, Cggpp=6 um) in THF/H,0.
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to the monolayer arrangement of the BBDP-PBI charge-trans-
fer complex. To investigate the morphology further, nanoscopy
analysis software was employed to collect more information
on the aggregates. The height of the nanorods was found to
be approximately 25 nm, and the lateral size of the nanorods
is approximately 80 nm, which is in accordance with the SEM
results above (Figure 5d). In contrast, the BBDP-MV complex
nanoassembly shows a different morphology. Numerous nano-
disks with uniform size are detected in the SEM images (Fig-
ure 5¢,f). The lateral size of the nanoaggregates is approxi-
mately 200 nm. Similar nanostructures are obtained from the
AFM results, which further confirms the generation of nano-
disks. AFM height analysis reveals that these nanodisks possess
a rather uniform height. These nanodisks have an average
height of 34 nm, whereas the diameter of the nanodisks is ap-
proximately 200 nm (Figure 5g,h). As indicated by fluorescent
microscopy images, the BBDP-MV aggregates have a nanodisk
morphology and present red emission under excitation with
specific wavelength light, whereas BBDP-PBI self-assembles
into nanorods (Figures S11 and S12).

With the different self-assembly morphologies in hand, a
model was proposed (Scheme 2). BBDP possesses large planar
rigid structures underneath and flexible OEG chains on top.
The hydrophobic planar blocks are inclined to assemble to
generate the core of the nanofibers, and the hydrophilic OEG
chains are exposed to the exterior water environment. Hence,
a fiber-like morphology can be obtained, as observed in the
SEM and AFM images. After the formation of charge-transfer
co-assembly complexes, the self-assembly behavior is different
so that the nanoaggregates present distinct morphologies. As
for the BBDP-PBI superamphiphile, two PBI units are attached
to BBDP owing to the existence of a charge-transfer interac-
tion. In this way, the obtained superamphiphile possesses two
hydrophilic parts. Different from the aggregation behavior of
BBDP, the two hydrophilic parts at both ends of the BBDP-PBI
superamphiphile tend to remain bare in water media, whereas

(a) g > g 000y

BBDP

(b) + e —> — m e
3L .
b,

Lh{’gﬁransler complex

f
PBI
(C) :;é + ‘ — —

BBDP MV Charge-transfer complex

H-aggregation

Nanofibers

Nanorods

Nanodisks

Scheme 2. Schematic illustrations for the formation of a) nanofibers from
BBDP, b) nanorods from the co-assembly of BBDP and PBI, and c) nanodisk
aggregates from the co-assembly of BBDP and MV.
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the hydrophobic parts pile together to promote water solubili-
ty. Then, the nanorods can eventually be formed. The BBDP-
MV superamphiphile has an architecture that is similar to that
of the BBDP-PBI complex. The distinct morphology of the
nanoaggregates may be associated with better water solubility
or the smaller size of the MV groups.

Conclusions

In summary, a novel near-infrared (NIR)-emissive boron-dipyr-
romethene (BODIPY) derivative, BBDP, was prepared. This am-
phiphilic structure was shown to have the potential to self-as-
semble in aqueous solution. By utilizing the charge-transfer in-
teractions, BBDP was transformed into two novel superamphi-
philes that could form nanoaggregates in aqueous media.
BBDP alone could self-assemble into nanofibers, whereas the
BBDP-PBI (PBl=perylene bisimide derivative) complex aggre-
gated to form a nanorod morphology. Furthermore, numerous
nanodisks with uniform size were observed in the scanning
electron microscopy and atomic force microscopy images of
the assemblies of the BBDP-MV (MV=viologen derivative)
complex. Therefore, morphology transition could be achieved
by introducing a charge-transfer interaction. Considering the
NIR properties of the three nanoassemblies, these NIR materi-
als might show potential applications in many fields. Through
integration with specific functional groups by charge-transfer
interactions, specific applications were able to be achieved.
Further work on this aspect to design functional materials
based on NIR BODIPY derivatives is ongoing in our laboratory.

Experimental Section
Materials

All reagents were purchased from commercial sources and were
used without further purification unless otherwise stated. Solvents
were dried by fluxing under nitrogen with calcium hydroxide. All
the reactions stated in this paper were performed in dried glass-
ware under a nitrogen atmosphere. Analytical thin-layer chroma-
tography (TLC) was performed on precoated silica-gel plates (0.4-
0.5 mm thick). Column chromatography was performed on silica
gel (200-300 mesh) as the stationary phase. Deionized water was
obtained from an ultrapure water system (HITRCH Smaret-S15).

Instruments and measurements

'H NMR and ">C NMR spectra were recorded with a Bruker Avance
spectrometer at 400 and 100 MHz, respectively, at 298 K. All chemi-
cal shifts are reported in parts per million (ppm) by using tetrame-
thylsilane as an internal reference. A Hitachi U-5100 spectrometer
was used to measure the UV/Vis absorption spectra. Fluorescence
emission spectra were recorded with a Hitachi F-2700 spectrome-
ter. High-resolution mass spectrometry experiments were per-
formed with a Bruker Daltonics Apex IV spectrometer. SEM images
were obtained with a JSM 6390LV microscope. AFM experiments
were performed with a Bruker Nanoscope VIII Multimode micro-
scope. The sample was prepared by pipetting an aliquot of the
corresponding solution on the mica surface and drying at room
temperature. Nanoscope analysis software was exploited to investi-
gate the AFM images. Fluorescent microscopy images were ob-
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tained by using an OLYMPUS 1X83 fluorescent microscope. The hy-
drodynamic diameters of the nanoaggregates at different concen-
trations were determined at 298 K with a ZEN3600 MALVERN by
dynamic light scattering (DLS). X-ray diffraction (XRD) patterns of
the samples were measured with an Advance D8.

Construction of amphiphilic assemblies

Preparation of BBDP aggregates: BBDP was dissolved in tetrahy-
drofuran to form a solution with a concentration of 2.4x
107> molL™". Deionized water (3 mL) was added dropwise into the
above BBDP solution (1 mL) to induce aggregate formation accom-
panied by stirring at a relatively low speed of 200 rpm. The mixture
was stirred for 2 h and was then left to stand for 12 h.

Preparation of BBDP-PBI aggregates: The sample was prepared in
the same manner as that described above except the initial tetra-
hydrofuran solution consisted of BBDP/PBI=1:2 with a BBDP con-
centration of 2.4x107°> molL™".

Preparation of BBDP-MV aggregates: The sample was prepared in
the same manner as that described above except the initial tetra-
hydrofuran solution consisted of BBDP/MV = 1:2 with a BBDP con-
centration of 2.4x107°> molL™".

Synthesis and characterization

2: Compound 1 was synthesized according to the literature.*

Compound 1 (700 mg, 0.97 mmol) and 2-methylpyrrole (162 mg,
2.0 mmol) were dissolved in anhydrous CH,Cl, (150 mL). Trifluoro-
acetic acid (TFA, 2 drops) was added to the mixture as the catalyst.
The reaction was performed at room temperature with stirring for
12 h under a nitrogen atmosphere. Then, 2,3-dicyano-5,6-dichloro-
benzoquinone (DDQ; 220 mg, 0.97 mmol) was added to the
system, which was stirred for another 12 h. N,N-Diisopropylethyla-
mine (DIEA, 2 mL) was added with ice bathing for 10 min. BF;-OFEt,
(4 mL) was added to the mixture, which was stirred for 8 h. After
the reaction was over, the solvent was evaporated under reduced
pressure. The crude product was purified by chromatography
(silica gel, CH,Cl,/CH;0H=20:1, v/v) to afford 2 (300 mg, 34%).
'H NMR (400 MHz, CDCl,): 6=6.78 (d, J=4.0 Hz, 2H), 6.74 (s, 2H),
6.26 (d, J/=4.0Hz, 2H), 423 (t, J=4.8 Hz, 2H), 4.15 (t, /=4.8 Hz,
4H), 3.52-3.81 (m, 42H), 3.36 (d, J=6.9 Hz, 9H), 2.63 ppm (s, 6H).
BCNMR (100 MHz, CDCl,): 0=156.85, 151.87, 139.61, 133.73,
129.96, 128.70, 118.99, 109.96, 72.12, 71.46, 70.34, 70.20, 70.14,
70.02, 69.28, 68.70, 58.52ppm. MS (ESI): m/z: calcd for
CuHeoBF,N,0,:K: 953.4396 [M+K'1; found: 953.4852.

BBDP:* Compound 2 (100 mg, 0.11 mmol), 1-pyrenecarboxalde-
hyde (100 mg, 0.44 mmol), and p-toluenesulfonic acid (p-TsOH,
10 mg) were dissolved in a mixture of toluene (25 mL) and piperi-
dine (1 mL). The mixture was stirred at 120°C for 2 h under the
protection of N,. After that, the temperature was increased to
150°C, and the solvent was evaporated into a Dean-Stark appara-
tus. Then, toluene (25 mL) and piperidine (1 mL) were added to
the system, and the dryness process was repeated (6x) until the
reagent was consumed. The crude product was washed with
water, dried with MgSO,, filtered, and concentrated. The residue
was subjected to column chromatography (CH,Cl,/CH;OH=10:1,
v/v) to afford a dark-green solid (40 mg, 27%). 'H NMR (400 MHz,
CDCl;): 6=8.63-8.51 (m, 6H), 8.26-8.03 (m, 22H), 7.21 (d, J=
4.6 Hz, 2H), 7.01 (d, J=4.4 Hz, 2H), 6.87 (s, 2H), 430 (t, J=5.2 Hz,
2H), 424 (t, J=5.0 Hz, 4H), 3.91-3.53 (m, 42H), 3.35 ppm (d, J=
12.2 Hz, 9H). ®*C NMR (100 MHz, CDCl,): 6 =154.92, 152.60, 140.12,

138.73, 136.53, 133.01, 132.07, 131.55, 130.89, 130.52, 129.75,
129.08, 128.20, 127.66, 125.88, 125.50, 125.11, 124.89, 122.52,
116.85, 110.62, 72.70, 72.04, 70.97, 70.76, 70.60, 69.86, 69.26,
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59.12 ppm. MS (ESI):: m/z: caled for C,zHgsBF,N,O,5K; 1377.5648
[M4+K*]; found: 1377.6412.

PBI:“?  3,4,9,10-Perylenetetracarboxylic dianhydride (1.00 mmol,
0.39 g) and 2-[2-(2-methoxyethoxy)ethoxylethylamine (2.50 mmol,
0.40 g) were placed in an oven-dried, three-necked flask. Imidazole
(44.1 mmol, 3 g) and a catalytic amount of Zn(OAc), were added to
the system. The mixture was heated to 160°C and stirred for 18 h
under the protection of N,. After the reaction mixture was cooled
down to room temperature, deionized water (100 mL) was added,
and the mixture was stirred for 20 min and 5% HCl was used to
remove residual imidazole. Then, the mixture was extracted with
CH,Cl, and the organic layer was collected. The organic layer was
dried with MgSO,. The solvent was evaporated under reduced
pressure. The crude product was purified by column chromatogra-
phy (CH,Cl,/CH;OH=20:1, v/v) to afford a red-brown solid
(320 mg, 47%). '"H NMR (400 MHz, CDCly): 6=3.32 (s, 6H), 3.46-
3.49 (m, 4H), 3.59-3.62 (m, 4H), 3.64-3.66 (m, 4H), 3.74-3.76 (m,
4H), 3.87 (t, J=6.00 Hz, 4H), 8.45 (d, J=8.08 Hz, 4H), 8.56 ppm (d,
J=7.96 Hz, 4H).

MV:# 4,4'-Bipyridine (100 mg, 0.64 mmol) and an excess amount
of iodomethane (4.0 g, 28 mmol) were dissolved in anhydrous ace-
tonitrile (20 mL). The mixture was heated to 80°C and stirred for
20 h under a N, atmosphere. After cooling down to room tempera-
ture, the solvent was evaporated under reduced pressure. The resi-
due was dried in a vacuum drying oven to remove residual iodo-
methane, and the resulting product was obtained as a red powder
(270 mg, 96%). 'H NMR (400 MHz, D,0): 6=4.51 (s, 6H), 8.53 (d,
J=6.26 Hz, 4H), 9.06 ppm (d, J=6.32 Hz, 4H).
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